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ABSTRACT
MEASURING AND MODELING NORTHEASTERN FOREST ECOSYSTEM 
RESPONSE TO ENVIRONMENTAL STRESSES
by
Jennifer Caroline Jenkins 
University of New Hampshire, May, 1998
Because forest responses to C 02 fertilization and associated climate change are 
likely to be extremely complex, numerical models representing forest response to an 
integrated set of future conditions can be useful predictive tools. I compared predictions 
of forest net primary productivity (NPP) made by two ecosystem process models (PnET- 
II and TEM 4.0) using different climate scenarios, spatial resolutions, and methods of 
representing land cover and soils. Decreasing spatial resolution did not appreciably 
change NPP estimates. Input datasets, particularly climate, land cover, and soil water
4
holding capacity, were important sources of variability in NPP estimates. These datasets 
interacted with model structures to produce significant variability in NPP predictions, but 
a comparison with predictions made by other models suggested that model-to-model 
differences might be even more important than input datasets. Both models predicted a 
substantial increase in regional forest NPP under climate change, with PnET-II predicting 
an average increase of 38% and TEM 4.0 predicting an average increase of 30%. The 
parameterization o f the C 02 response, the inclusion/ exclusion of N  cycling rates, and the 
accuracy of input datasets were identified as important items for future attention in 
modeling efforts.
xii
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The hemlock woolly adelgid (Adelges tsugae), an aphid-like insect thought native 
to Japan, is causing significant mortality of eastern hemlock (Tsuga canadensis) trees in 
forests o f the northeastern United States. I measured the impact of hemlock mortality 
caused by adelgid infestation on forest structure and N cycling rates in Connecticut 
hemlock forests. With hemlock mortality, light availability, soil temperature, and 
seedling regeneration increased. Annual net N mineralization rates were higher in stands 
with adelgid-induced mortality, and annual nitrification rates increased thirty-fold. No 
change was evident in soil organic matter (SOM) content. N turnover rates increased 
significantly with hemlock mortality. Increased decomposition rates are changing the 
quality of the organic matter in the forest floor and mineral soil, but the effect o f 
accelerated decomposition on SOM will not be visible for several more years. The short­
term impact o f adelgid infestation may be more severe in terms o f species composition 
than in terms o f decomposition and nutrient cycling rates.
xiii
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PARTI.
Sources of Variability in NPP Predictions at the Regional Scale:
A Comparison Using PnET-II and TEM 4.0 in Northeastern U.S. Forests
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
INTRODUCTION
Net primary production (NPP), the net accumulation of carbon by autotrophs, is 
the resource providing for the maintenance and reproduction of all heterotrophs on Earth. 
Thus the productivity of the biosphere determines the planet’s carrying capacity 
(Vitousek et al. 1986). In human terms, terrestrial NPP determines the size o f the food 
supply and the amount of wood available for human consumption. Net primary 
production also drives the rates of most other processes identified as “ecosystem 
services” provided to human societies by terrestrial systems (Costanza et al. 1997, Daily 
et al. 1997). The value of NPP is not constant, but varies over space and time as a result 
of changing environmental conditions and human activity.
Growing interest in the potential impacts of global climate change on NPP, 
together with the advent of Geographic Information System (GIS) technology, have led to 
a dramatic increase in the number of continental- and global-scale modeling efforts 
designed to understand and predict broad-scale carbon, nutrient, and water dynamics as 
they vary with environmental conditions on a spatially-explicit basis (Raich et al. 1991, 
McGuire et al. 1992, Melillo et al. 1993, Potter et al. 1993, Running and Hunt 1993, 
Hudson et al. 1994, Ludeke et al. 1994, Friend 1995, Prince and Goward 1995,
Woodward et al. 1995, Haxeltine and Prentice 1996, Hunt et al. 1996, Ruimy et al. 1996, 
Schimel et al. 1996, den Elzen et al. 1997, Friend et al. 1997). Ecosystem process 
models are parameterized using ecological data gathered from field studies, which are 
typically performed within small areas or watersheds (from < 1 to several km2), often
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3A
using even smaller field plots (typically from 1 to 900 m ). When used in conjunction 
with a GIS, such models can extrapolate results from field studies to regions using 
spatially explicit land cover, climate, and soils data. The validity of the results depends 
on the accuracy of those datasets and on the ability of the model to represent accurately 
ecosystem processes within the region (Aber et al. 1993).
As researchers attempt to understand the dynamics o f ecosystem processes at 
continental to global scales, regional assessments provide an important intermediate step 
between plot-level measurements and continental-scale modeling efforts. Since a region 
consists of smaller landscape units with a common climatic regime (Forman 1995), we 
can begin to understand the underlying mechanisms responsible for modeled patterns by 
examining one region at a time, without becoming distracted by the climatic and ecotypic 
gradients more typical of continental- and global-scale modeling efforts. In regional 
studies, we can also use spatially-explicit data at finer spatial resolutions than are 
practical for continental- and global-scale studies (for example, Sala et al. 1988, Burke et 
al. 1990, 1991, 1997, McNulty et al. 1994, Ollingeret al. 1996). A comparison of 
regional-scale predictions at different resolutions can provide a measure of how much 
information is lost when coarser resolutions are used for studies of larger areas. 
Furthermore, there is a growing emphasis on management at the regional scale 
(Gunderson et al. 1995). While ecosystem processes do not necessarily respect regional 
boundaries, an increasing number of policy decisions are made at this scale. Ensuring 
the accuracy of model predictions at the regional scale is vital to these decisionmaking 
efforts.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4Model validation, in which model predictions are checked against independent 
datasets, is critical for modeling efforts but can be difficult or impossible for regional-, 
continental-, and global-scale predictions (Aber 1997). Where validation data are 
lacking, structured model comparison studies can help to elucidate the sources of 
variability between model predictions. Such comparisons provide one type o f model 
validation. In addition, they help to focus attention on variables and processes requiring 
further refinement so that more accurate large-scale predictions can be developed.
We have developed a three-part classification scheme that we believe will be a 
useful tool for quantifying and understanding the sources o f variation in model 
predictions. This general scheme is meant to be applicable for all types o f  modeling 
efforts, though in this experiment we have applied it to a comparison of NPP predictions 
made by two terrestrial ecosystem process models (Figure 1.1). Differences in model 
predictions can be attributed to three sources: I) differences in modeling assumptions 
and approaches; 2) differences among input datasets; and 3) differences in the spatial 




Spatial resolution input datasets
Figure 1.1. Schematic diagram o f the three sources of variability in model predictions treated in 
this study. Arrow thicknesses represent hypothesized strengths o f the contributions o f each source 
to modeled differences.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5Models may differ in their built-in assumptions. Two models may assume that 
different environmental factors influence nutrient flux rates, for example; the algorithms 
included in and omitted from the models reflect these assumptions. As another example, 
models that predict NPP may include variables related to belowground N flux rates 
associated with decomposition, or they may base their predictions solely on aboveground 
C and water fluxes. In addition, parameterization approaches may differ from model to 
model. For example, calibrated process models are fitted to predict ecosystem processes 
at intensively studied field sites and then used to predict the same process elsewhere, 
while uncalibrated models contain parameters derived from field experiments, but are 
not calibrated to a specific field site.
The input datasets used in conjunction with process models to extrapolate NPP 
predictions on a spatially-explicit basis often vary from one study to another. As models 
are developed to satisfy different objectives, different techniques and classification 
schemes are used to describe land cover, climate, and soil properties. The spatial 
resolution used to represent the environment can also impact model predictions. For 
example, NPP predictions in a mountainous region with high peaks vary more widely 
when a fine-scale digital elevation model (DEM) is used than when a larger grid cell size 
is used (Pierce and Running 1995). There may be interactions between these sources of 
uncertainty: differences in climate input datasets (Source 2), for example, might cause 
dramatically different responses in model predictions as a result of internal differences in 
model assumptions (Source 1). We hypothesized that model-to-model differences would
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6be the most important source of variability in this analysis, and that input datasets and 
spatial resolution would be next and last in importance, respectively.
The objective of this study was to test this hypothesis by quantifying these three 
sources of variability for regional-scale NPP predictions in the northeastern United 
States. Two ecosystem process models were used: PnET-II and TEM 4.0. The PnET 
suite of models currently comprises three ecosystem process models, all o f which have 
been described elsewhere (Aber and Federer 1992, Aber et al. 1995b, 1996, 1997). The 
model used in this comparison, PnET-II (Aber et al. 1995b), is the second version of the 
original stand-to-canopy level monthly time-step lumped-parameter forest ecosystem 
process model (Aber and Federer 1992) which uses foliar N to predict maximum 
photosynthetic rate (Field and Mooney 1986). The Terrestrial Ecosystem Model (TEM) 
is a lumped-parameter monthly time-step model which uses estimates of above- and 
below-ground C, N, and water fluxes to predict ecosystem processes. Model descriptions 
for TEM can also be found elsewhere (Raich et al. 1991, Rastetter et al. 1991, McGuire 
et al. 1992, 1993, 1995, Melillo etal. 1993, 1995).
The northeastern United States (41 to 47.5° N, 67 to 76° W) is an ideal region for 
modeling ecosystem processes and for studying the mechanisms responsible for 
differences in model predictions. Roughly seventy percent o f  the region’s land area is 
forested (Lathrop and Bognar 1994), and the presence of only a few types of forest cover 
minimizes variation in ecosystem processes by species type. Located just east of the 
most active industrial regions of the U.S., the area receives a significant amount of wet 
and dry N deposition (Ollinger et al. 1993), which can alter C fixation and NPP rates 
(Townsend et al. 1996). Accurate prediction of current NPP in this region will provide
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7important baseline data as production and nutrient flux rates are likely to change in a 
future marked by N deposition and global change (Aber et al. 1989, 1995a, Magill et al. 
1997).





PnET-II (Figure 1.2) is an uncalibrated, monthly time-step carbon and water 
balance model built around generalized physiological relationships. Maximum 
photosynthetic rate is determined as a linear function of foliar N content, following the 
observed relationship between these two variables across species from diverse 
ecosystems (Field and Mooney 1986, Reich et al. 1995). Stomatal conductance is 
directly related to net photosynthetic rate, making water use efficiency a function of 
vapor pressure deficit (Tanner and Sinclair 1983, Sinclair et al. 1984). In this way, 
transpiration can be predicted from canopy photosynthesis and climate, providing a direct 
link between the carbon and water balance portions of the model.
A multi-layered forest canopy is constructed in which available light and specific 
leaf weight decline with canopy depth. Light attenuation through the canopy is based on 
the Beers-Lambert exponential decay equation (y = e'k*LAI); maximum gross 
photosynthesis is calculated individually for each of the 50 canopy layers in order to 
capture the effect of gradual light extinction on carbon gain. For each layer, gross 
primary productivity (GPP) is a function of the predicted maximum photosynthetic rate
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9attenuated by environmental conditions such as water availability, temperature, and 
daylength. NPP is calculated by subtracting day and night respiration from GPP, and 
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Figure 1.2. Comparison o f PnET-II (left) and TEM 4.0 model structures. Arrows indicate fluxes 
and boxes indicate pools. Dashed lines indicate indirect relationships.
The model has performed well at predicting forest production and runoff at 
diverse locations across North America (Aber and Federer 1992, Aber et al. 1995b), and 
has been tested against eddy correlation CO2 exchange measurements (Aber et al. 1996). 
Spatially-specific drivers required for PnET-II are: forest type, soil water holding 
capacity (WHC), monthly averaged minimum and maximum temperatures, total monthly 
precipitation, and monthly mean o f total daily incident solar radiation. For regional 
applications, all other parameters are constant or are determined by forest type (see Table 
1.1 for required input parameters). To date, the PnET models have been applied to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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forests in the northeastern U.S. at a spatial resolution of 60 arcseconds (60”)
(approximately 2 km) (Aber et al. 1995b, 1997, Ollinger et al. 1996).
Table 1.1. Input requirements for PnET-II and TEM 4.0.
input variable TEM 4.0 PnET-II









mean air temperature3 
total precipitation 







Vegetation type4 x x
’As (%(silt+clay)). 
determined monthly.
3As (minimum + maximum )/2.
4See text for a description of forest types.
Terrestrial Ecosystem Model (TEM 4.0)
TEM 4.0 (Figure 1.2) is a process-based ecosystem simulation model that uses 
spatially referenced information on climate, soils, elevation, vegetation, and water 
availability to make monthly estimates of C and N fluxes and pool sizes in terrestrial 
ecosystems (Raich et al. 1991, McGuire et al. 1992, 1993, 1995, Melillo et al. 1993, 
1995). Although many of the vegetation-specific parameters are defined from published 
information (Raich et al. 1991, McGuire et al. 1992, Melillo et al. 1993), some are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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determined on a biome-specific basis by calibrating the model to the fluxes and pool 
sizes o f intensively studied field sites.
In TEM, NPP is calculated as the difference between GPP and plant respiration 
(Ra). The rate of GPP is influenced by photosynthetically active radiation (PAR), leaf 
area, air temperatures, atmospheric C02 concentration, actual evapotranspiration (AET), 
potential evapotranspiration (PET) and nitrogen availability. Nitrogen availability 
depends on the recycling o f N from decomposing litter and soil organic matter so that 
rates of NPP are coupled to rates of decomposition. Plant respiration depends on air 
temperature and vegetation C. Unlike PnET-II, TEM 4.0 does not explicitly simulate the 
dynamics o f leaves, roots, and stemwood. Instead, all C in vegetation is treated as a 
single entity.
Required spatially-specific inputs for TEM are: monthly averaged minimum and 
maximum temperatures, total monthly precipitation, monthly solar radiation, vegetation 
type, and soil texture as %(silt + clay) (Table 1.1). Hydrological inputs for TEM are 
determined by a separate water balance model (Vorosmarty et al. 1989) that uses the 
same climatic data and soil-specific parameters as used in TEM. To date, TEM has been 
applied using datasets gridded at a resolution o f 0.5° latitude by 0.5° longitude for South 
America (Raich et al. 1991), North America (McGuire et al. 1992, 1993, VEMAP 
members 1995), and the globe (Melillo et al. 1993, Xiao et al. 1997).
Summary of model differences
PnET-II and TEM 4.0 are quite similar in structure, but assumptions and 
approaches differ between models. In PnET-II, the link between the carbon and water
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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balances occurs directly via stomatal conductance, which is controlled by water 
availability. In TEM 4.0, water stress reduces photosynthesis via a separate water 
balance model. TEM 4.0 lumps together aboveground C and N pools while including 
decomposition and N dynamics in its predictions, while PnET-II treats aboveground C 
pools separately and does not include decomposition or N dynamics. Finally, some 
parameters in TEM 4.0 are calibrated while those in PnET-II are uncalibrated.
Structure of comparisons
Historically, PnET-II and TEM 4.0 have used different vegetation, soils, and 
climate input datasets, and they have simulated NPP at different spatial scales. As a 
result, it has been difficult to assess the degree to which 1) modeling approaches and 
assumptions about ecosystem processes, 2) differences between input datasets, or 3) 
spatial resolution have influenced the NPP predictions made by these two models. To 
quantify the factors controlling differences between model predictions, we set up a series 
of model experiments (Table 1.2) in which input datasets and spatial resolution were 
controlled. The experiments were performed by changing one variable at a time, and the 
resulting NPP estimates were compared to results from a baseline run.
Table 1.2. Structure of PnET-II and TEM 4.0 model comparisons. Input variables were changed 
one at a time and results were compared to the baseline run. Changed input variables are 
italicized. Each row represents one set of model runs with PnET-II and TEM 4.0.
_________________________Input variables_________________________
Comparisons_______________land cover dataset soil WHC_____climate dataset spatial resolution
baseline run dominant constant 12 cm Climcaic 0.5°
climate dataset dominant constant 12 cm VEMAP 0.5°
soil WHC dominant TEM Climcaic 0.5°
land cover dataset:
aggregation method mosaic constant 12 cm Climcaic 0.5°
actual v. potential cover VEMAP constant 12 cm Climcaic 0.5°
spatial resolution dominant constant 12 cm Climcaic 60"
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The experiments, described in detail below, included examinations o f the effects 
on NPP o f using: a) different climate datasets; b) different approaches to representing 
soil WHC; c) different spatial scales (60” and 0.5° resolution); d) different methods of 
aggregating from the 60” to the 0.5° resolution; and e) the use of potential vegetation 
versus actual land cover, to develop regional NPP estimates. To gain additional insight 
into the role of modeling assumptions and approaches in altering regional NPP 
predictions, PnET-II and TEM 4.0 predictions were compared to predictions generated 
for the region by the biogeochemistry models in the Vegetation and Ecosystem Modeling 
and Analysis Project (VEMAP) comparison (VEMAP members 1995).
Climate datasets
To compare the impact of climate input dataset on predicted NPP, we used 
climate data derived from two different sources (Climcaic [Ollinger et al. 1995] and 
VEMAP [Kittel et al. 1995]) to drive both models.
Climcaic
Climcaic is a statistical model of climate data developed for the northeastern U.S. 
from long-term (30 year) climate records (Ollinger et al. 1995). Climcaic has been 
utilized to date at the 60” resolution to drive regional PnET predictions; a 0.5° version 
was developed for this comparison. The model includes multiple regression equations 
which use latitude, longitude, and elevation to estimate monthly temperature and 
precipitation (Figure 1.3). For the 60” resolution model runs in this study, elevation was 
determined using a 60” digital elevation model (DEM). For the 0.5° runs, elevation was
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determined using the DEM included in the VEMAP database (Kittel et al. 1995). For 
model runs at both spatial scales, the center point o f each grid cell was used as the 
geographic reference point for climate prediction.
In Climcaic, daily potential radiation is determined for each grid cell using 
algorithms given by Swift (1976) for horizontal surfaces (Figure 1.3). The fraction of 
potential radiation received at the ground surface is based on actual radiation 
measurements made at 11 locations across the study region (Figure 1.3). These values 
are constant over the study region and average roughly 50%, except in November and 
December when skies tend to be cloudier. Potential radiation is multiplied by the 
fraction of radiation received to obtain estimates o f actual radiation received at the top o f 
the forest canopy (Figure 1.3).
VEMAP
To develop the VEMAP 0.5° climate dataset (Kittel et al. 1995), minimum and 
maximum monthly temperatures from weather stations were adiabatically adjusted to sea 
level using algorithms of Marks and Dozier (1992), georeferenced to the 0.5° grid, then 
readjusted to grid elevations (Figure 1.3). Mean monthly precipitation was aggregated to 
the 0.5° resolution from a 10 km resolution dataset developed using the PRISM model 
(Daly et al. 1994) (Figure 1.3).
CLIMSIM (a simplified version of MT-CLIM for flat surfaces (Running et al. 
1987, Glassy and Running 1994)) was used to estimate daily solar radiation. As with 
Climcaic, potential radiation in the VEMAP dataset is based on the algorithms of Swift 
(1976) (Figure 1.3). The percentage of radiation received at canopy level on a daily basis
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is based on relationships between latitude, elevation, diurnal range of temperature, and 
occurrence of precipitation using the algorithms of Gates (1981) and Bristow and 
Campbell (1984). These values average between 60 and 65% with a slight drop in 
November and December (Figure 1.3). To obtain estimates of radiation received at the 
ground surface, the potential radiation estimates were multiplied by the estimates of 
fraction of radiation received (Figure 1.3).
Climate data comparison
Averaged regionally, monthly maximum and minimum temperatures were almost 
identical between the two climate datasets. The Climcaic dataset predicted consistently 
higher monthly precipitation than the VEMAP dataset, except in May and November; 
annually, Climcaic predicted 5.35 cm more precipitation than VEMAP. The difference 
between the two climate datasets in fraction of potential radiation received at canopy 
level was striking, and this difference was entirely responsible for the disparity between 
the climate datasets in terms of net solar radiation received by the forest canopy.
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Figure 1J. Comparison of climate input datasets. Both Climcaic (circles) and VEMAP 
(squares) data are plotted concurrently for comparison. All points represent the average of 115 
0.5° pixels; bars are one standard deviation. Clockwise from middle left: a) Minimum (lower 
line) and maximum temperature; b) Total monthly precipitation; c) Potential radiation; d) Fraction 
of potential radiation received at canopy level; e) Monthly mean of daily total solar radiation 
received at canopy level (found as potential * fraction received = net total received).
Soil water holding capacity
PnET-II and TEM 4.0 both use the concept of soil WHC (defined as field capacity 
minus wilting point) to represent the maximum amount of water that can be stored in the 
soil and made available to plants. In PnET-II, soil water is replenished by precipitation
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and snowmelt, and is reduced by plant demand and drainage. At the end o f the 
photosynthesis and water balance routines for each simulated month, if available water is 
greater than soil WHC then the difference is removed by drainage. Thus in PnET-II, 
increasing soil WHC decreases drainage and increases the amount of water available for 
transpiration, thereby relieving water stress and increasing photosynthesis and NPP 
directly. In TEM, NPP depends instead on the ratio of AET to PET. AET depends on 
soil moisture which is determined by the water balance model of Vorosmarty et al. 
(1989).
PnET-II requires soil WHC as an input variable. TEM 4.0 uses soil depth and soil 
texture (as %(silt + clay)) to derive total volumetric soil water at field capacity, and then 
uses rooting depth to predict soil WHC, which is used as an internal variable during most 
TEM simulations. To compare the impact of soil WHC on predicted NPP, we used two 
different sets of soil WHC data to drive both models.
Constant 12 cm
A plant-available soil WHC map derived from the U.S. Soil Conservation 
Service’s STATSGO database (United States Soil Conservation Service 1991) by Lathrop 
et al. (1995) showed poor agreement with the county-level soil survey data from which 
the WHC values were derived. The soil hydrology equations of Clapp and Homberger 
(1978) were then used to determine plant available water under the range of soil 
properties typically encountered in northeastern forest soils. Because texture had a small 
effect compared with the effects of rooting depth and fraction of coarse fragments in soil, 
we assumed a rooting depth of 1 m and 25% coarse fragments, which produced a soil
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WHC of 12 cm in most well-drained till soils (Ollinger et al. 1996). This constant value 
of 12 cm has been used in all New England PnET analyses to date (Aber and Federer 
1992, Aber et al. 1995b, 1997). To run TEM 4.0 using this constant value, we 
constrained the soil WHC used internally by TEM to 12 cm.
TEM WHC
To run PnET-H using the TEM WHC, the spatially specific soil texture-based 
WHC values predicted by TEM (Figure 1.4) and used for the VEMAP project ( VEMAP 
members 1995) were used as input in place of the constant 12 cm. For the 115 0.5° 
pixels comprising the northeast region, the WHC values in the TEM dataset range from 
17.0 to 22.5 cm, with a regional average o f 21.4 +/- 1.8 cm. Model results generated 
using this spatially-specific dataset as input to PnET-II were considered equivalent to 
TEM 4.0 results in which soil WHC was not constrained.
WW 73W 70W 67W
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Figure 1.4. TEM WHC map. See text for descriptions o f model simulations using this as model 
input.
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Other soil WHC data
Soil WHC varies widely from point to point; Running (1994) reported that the 
water-holding capacity of the rooting zone “defied routine field measurement” Despite 
these difficulties, Kem (1995) used the USDA-SCS national soil geographic database 
(NATSGO) and UN soil map of the world data together with models of soil water 
retention to generate a continental-scale map o f soil WHC. Using the NATSGO 
estimates, which are recommended because of their expected reliability, Kem estimates 
that WHC in the 0-50 cm layer ranged from 12.0 to 13.0 cm WHC (Kem 1997), and in 
the 50-150 cm depth layer, WHC ranged from 12.8 to 16.0 cm. Thus according to Kern’s 
calculations based on NATSGO data, total soil WHC in the northeastern U.S. ranges 
from 24.8 to 29.0 cm. Kem’s data were used to develop the VEMAP database; 
disagreement still exists as to whether the higher or lower WHC estimates are correct.
Land cover datasets
To develop regional- and continental-scale NPP estimates, PnET-II and TEM 4.0 
have to date used land cover datasets developed using different methods and at different 
spatial resolutions. Specifically, PnET-II has been run using a dataset describing actual 
vegetation at a spatial resolution of 60” whereas TEM 4.0 has been run using a dataset 
describing potential vegetation at a resolution of 0.5°. In order to examine the effect of 
vegetation input datasets on modeled NPP estimates, we made comparisons between 
model predictions made using several pairs of land cover datasets (Table 1.2): a) 60” 
versus 0.5°; b) different methods of aggregating from 60” to 0.5° resolution; and c) 
actual versus potential land cover.
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Original land cover dataset
A 30” resolution (roughly 1 km) land cover map was derived from Advanced 
Very High Resolution Radiometer (AVHRR) data by Lathrop and Bognar (1994), and 
aggregated to 60” resolution using a pixel thinning method by Ollinger et al. (1996).
This 60” forest cover map (Figure 1.5) derived from the original land cover classification 
has been used for regional PnET-II predictions (Aber et al. 1995b, Ollinger et al. 1996), 
and is the basis of the land cover map aggregation from 60” to 0.5° resolution for this 
project’s scale comparisons. The AVHRR classification identified four forest types in 
the region: hardwood, spruce-fir, hardwood/spruce-fir, and hardwood/pine. For both 
models, hardwood/spruce-fir pixels were run assuming each pixel consisted of 40% 
hardwood and 60% spruce-fir, and hardwood/pine pixels were run assuming each pixel 
consisted of 60% hardwood and 40% pine. These forest composition estimates were 
generated by comparing the vegetation map with USDA Forest Service Forest Inventory 
and Analysis data (Beltz et al. 1992). Model predictions at the 60” scale were generated 
using only those pixels classified as forests (76,425 pixels total).
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Figure 1.5. AVHRR-generated land cover map at 60” resolution.
Aggregation methods
To aggregate the high-resolution land cover map to 0.5° resolution, we first 
defined the 0.5° region by overlaying the 0.5° DEM from the VEMAP dataset onto the 
60” resolution land cover map, excluding any 60” pixels which fell outside the VEMAP 
elevation map. Using this method, the 0.5° pixels at the edges of the map which extend 
beyond the 60” region are counted in their entirety. This may overestimate land area at 
the map borders, although this effect is offset by the exclusion of some 60” pixels that 
fell outside the 0.5° DEM. To account for the large proportion of agricultural and urban 
land in the region, we excluded from the analysis any 0.5° pixel with <50% total forest 
cover. The resulting region consisted of 115 0.5° pixels, 94 of which were forested and 
21 of which were nonforested. This forest cover map was then overlaid on a grid of 0.5° 
pixels and the proportion of forested land covered by each of the four forest types was
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determined for each pixel. This was done by calculating the proportion of each 0.5° pixel 
covered by each of the four forest types and dividing this by the total proportion of that 
pixel which was forested.
In the aggregation method described above, called the “mosaic” method (Figure
1.6), the relative cover data from the high-resolution forest cover map was retained. The 
mosaic forest cover map consists o f four separate coverages, each representing the 
proportion cover of one of the four forest types. Using the mosaic map, the models were 
run once for each forest type and results from the four runs were added together to obtain 
whole-pixel NPP estimates. In the second aggregation method, each 0.5° pixel was 
assigned the forest cover most common in that pixel (Figure 1.7). This simple method is 
called the “dominant” aggregation method, and it forms the baseline forest cover map for 
the model comparisons described here.
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Figure 1.6. Mosaic land cover maps at 0.5° resolution. See text for aggregation method. 
Clockwise from top left: a) Percent hardwood; b) Percent hardwood/pine; c) Percent spruce-fir; d) 
Percent hardwood/spruce-fir.
Potential vegetation
In order to quantify the effect of using potential land cover data, we also ran both 
models using the 0.5° VEMAP potential vegetation map (Figure 1.8), which is derived 
from Kuchler (1964, 1975) and included in the VEMAP database (Kittel et al. 1995). 
Using the VEMAP land cover classification, boreal forest pixels were run assuming they 
consisted of spruce-fir forests, temperate deciduous pixels were run assuming they 
consisted of hardwood forests, and mixed temperate forest pixels were run assuming a 
50:50 mixture of hardwood and pine.
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degree* longitude
Figure 1.7. Dominant land cover map at 0.5 resolution. See text for aggregation method.
bo ieal
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Figure 1.8. VEMAP potential vegetation map.
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Spatial resolution
In order to examine the impact of spatial resolution on model NPP estimates, we 
ran PnET-II and TEM 4.0 at both the 60” and the 0.5° resolutions. For the 60” 
predictions, the Climcaic climate was used together with the 60” DEM. These high- 
resolution predictions were compared with results from the baseline run.
Baseline runs
To simplify the analysis, we designated one set of model runs as a baseline to 
which all other scenarios were compared. The baseline inputs were the dominant forest 
cover classification (at 0.5° resolution), the Climcaic climate, and the constant 12 cm 
WHC. Model sensitivity to alternative input datasets will be discussed in terms o f the 
difference between NPP estimates made using the baseline and the alternative input 
datasets.
Comparisons with VEMAP bio geochemistry models
The VEMAP project (VEMAP members 1995, Schimel et al. 1997) included 
continental-scale estimates of NPP predictions at the 0.5° resolution made by TEM 4.0, 
CENTURY (Parton et al. 1987, 1988, 1993), and BIOME-BGC (Hunt and Running 1992, 
Running and Hunt 1993). From the continental-scale data generated during the VEMAP 
comparison, we isolated the 115 pixels of the northeastern region. These NPP data were 
generated using the VEMAP potential land cover dataset and the VEMAP climate. 
Because climate and land cover data were controlled, comparison of NPP predictions 
from this study (in which PnET-II and TEM 4.0 were run using the VEMAP land cover
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and climate data) with predictions from the models in the VEMAP study provides 
additional data about the contribution of modeling assumptions and approaches to 
variability in NPP estimates.




In the baseline run, the range in TEM’s predictions is wider than the range in 
PnET’s NPP predictions for the northeastern U.S. In addition, TEM 4.0 appears to be 
more sensitive to spatial variability in climate inputs (Figure 1.9). Both models predict 
large differences between forest types, though PnET-II appears to predict a wider 
disparity from type to type than TEM 4.0 (Figure 1.10). Overall, at the low end of the 
NPP range (i.e. for the spruce-fir pixels) TEM 4.0 predicts lower values and at the high 
end (i.e. for the hardwood pixels) TEM 4.0 predicts higher values than PnET-II. At the 
regional level, differences in NPP predictions made by the two models were statistically 
significant (Wilcoxon signed rank test for paired samples) (p<0.0001).
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Figure 1.9. NPP data from baseline model runs, for PnET-II (left) and TEM 4.0.
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Figure 1.10. TEM 4.0 vs. PnET-II NPP predictions from baseline run. Each point represents one 
o f the 94 forested pixels included in the dominant land cover map.
Climate dataset
PnET-II predicted higher regional average NPP under the VEMAP climate than 
under Climcaic, while TEM predicted lower regional average NPP under VEMAP than 
Climcaic (Table 1.3). This occurred because the additional solar radiation and slightly 
lower precipitation in the VEMAP dataset caused TEM 4.0 to predict an increase in 
water stress which outweighed the potential gains in photosynthesis. Conversely, PnET- 
II predicted an increase in photosynthesis which outweighed the increase in predicted 
water stress.
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Table 13. Model sensitivity to climate input datasets. The constant 12 cm WHC and dom inant 
land cover dataset were used.
_______ NPP (gOM m 2 y r1)________
Model climate dataset regional average1 standard deviation 
PnET-II Climcaic* 1118.5a 185^7
VEMAP 1203.3d 166.0
TEM 4.0 Climcaic2 1243.3C 308.4
VEMAP 1221 .2d 329.2
’Calculated as the average for all grid cells in the region (n=94).
Values followed by the same letter are not significantly different at p < 0.05 (n=94), as determined 
using the Wilcoxon signed rank test for paired samples (due to nonnormality of sample distribution).
^Baseline run. See Table 2 for structure of model comparisons.
PnET-II
The photosynthesis routine in PnET-II calculates PAR from the total radiation 
received by the received by the forest canopy. PAR is then used to calculate the rate of 
gross photosynthesis. The water balance is not affected directly by additional radiation, 
but may be affected indirectly if the additional photosynthesis and associated 
transpiration are enough to induce water stress. In previous sensitivity analyses, we have 
found that under the range of climatic conditions found in the northeast U.S., 
precipitation and WHC are critical for predicting NPP in hardwood and pine forests, but 
are less important for spruce-fir (Ollinger et al. 1996). Because spruce-fir forests are not 
water-limited as simulated by PnET-II, the increased solar radiation under the VEMAP 
climate caused an increase in spruce-fir NPP (Figure 1.11). Thus for spruce-fir, the 
additional photosynthesis caused by increased solar radiation resulted in a net increase in 
NPP which was not offset by water stress, despite the slightly lower precipitation in the 
VEMAP climate.
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In contrast, PnET-II does predict water limitation in the hardwood and 
hardwood/pine forests. Hardwood NPP increased very slightly under the VEMAP 
climate, suggesting that in the water-limited hardwood forest, the increase in 
photosynthesis was offset by the water stress which was induced by increased 
transpiration and slightly lower precipitation. The increases in hardwood/spruce-fir NPP 
were intermediate between those in the spruce-fir and the hardwood forest types, and 
were most likely a result of the 40:60 mixture of hardwood:spruce-fir in the mixed pixels. 
In the hardwood/pine forest type, PnET-II estimated a decrease in NPP under the 
VEMAP climate. This suggests that the additional photosynthesis combined with the 
lower precipitation induced additional water stress in both the hardwood and pine forest 
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Figure 1.11. TEM 4.0 vs. PnET-II predictions from runs using VEMAP climate data. Results in 
this figure are equivalent to those in Figure 1.10, except that the VEMAP climate has been 
substituted for the Climcaic climate.
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TEM 4.0
In TEM, solar radiation is used along with temperature to calculate PET. As PET 
is increased due to increased solar radiation, the ratio of AET to PET decreases; thus an 
increase in radiation can cause an increase in water stress. But solar radiation is also 
used to calculate PAR, which impacts gross photosynthesis. An increase in PAR may 
increase gross photosynthesis, offsetting the potential increase in water stress. For the 
northeast U.S., the radiation-induced water stress has a larger effect on NPP than the 
potential enhancement of photosynthesis by increased PAR, resulting in an overall 
reduction in NPP under the VEMAP climate (Figure 1.11).
Working at the continental scale, Pan et al. (1996) also reported that an increase 
in solar radiation caused a decrease in TEM predicted NPP. Based on a comparison of 
VEMAP data with the contour maps of Bennett (1965), Pan et al. (1996) found that the 
VEMAP dataset overpredicted solar radiation in much of the U.S. While the solar 
radiation data (specifically, the fraction of sun received at ground level) in the VEMAP 
dataset have been well-validated for the western states, they have not yet been validated 
for the northeastern region. Thus because it is based on data collected at weather stations 
in the region, we conclude that the solar radiation data included in the Climcaic 
algorithms (Ollinger et al. 1995) is more accurate for the northeastern states.
Soil water holding capacity
PnET-II was more sensitive than TEM 4.0 to changes in soil WHC. TEM 4.0 
predicted no change in regional NPP under the TEM WHC dataset, while PnET-II 
predicted a statistically significant increase (Table 1.4).
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Table 1.4. Model sensitivity to soil WHC. The Climcaic climate and dominant land cover map 
were used.
________NPP (gOM m'2 yr~1)________
Model________ soil WHC regional average1 standard deviation
PnET-II constant 12 cm* 1118.5a 185.7
TEM WHC 1248.46 252.8
TEM 4.0 constant 12 cm2 1243.3C 308.4
TEM WHC 1237.5C 283.1
’Calculated as the average for all grid cells in the region (n=94).
Values followed by the same letter are not significantly different at p < 0.05 (n=94), as determined 
using the Wilcoxon signed rank test for paired samples (due to nonnormality of sample distribution). 
zBasefine run. See Table 2 for structure of model comparisons.
PnET-II
The strong response of the hardwood and hardwood/pine forests to increased soil 
WHC (Figure 1.12) supports the conclusion (described above) that under the climate 
conditions normally encountered in the northeastern region, PnET-II predicts water 
limitation in the hardwood and pine forest types. With additional WHC, more water can 
be stored in soil and consumed by vegetation. As a result, water stress is reduced, NPP is 
increased, and less drainage occurs.
Predicted NPP in the two pixels comprising the spruce-fir forest did not respond 
to increased WHC, suggesting that a factor other than water limits predicted production 
in that forest type. In previous analyses with PnET-II, the parameter most limiting to 
spruce-fir NPP was determined to be percent foliar N (in g N per g leaf weight). Since 
very little foliar N data exist, this presents a difficulty in predicting spruce-fir NPP on a 
spatially-explicit basis. The increased production of the hardwood/spruce-fir pixels using 
PnET-II under the TEM WHC is probably a result of increases in NPP attributable to 
reduced water stress in the hardwood portion of those mixed pixels.
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Figure 1.12. TEM 4.0 vs. PnET-II NPP predictions from runs using TEM WHC data. Results in 
this figure are equivalent to those in Figure 1.10, except that the TEM WHC has been substituted 
for the constant 12 cm WHC.
TEM 4.0
TEM 4.0 uses soil texture to predict total volumetric soil water content; plant- 
available soil water is then predicted based on rooting depth. When the constant 12 cm 
WHC was used to drive TEM, the upper limit to plant-available soil water was 
constrained to 12 cm but soil texture (and thus total volumetric soil water content) 
remained the same. Because total volumetric soil water remained constant, as plant- 
available soil water decreased, the volume of tightly-held soil water increased. The 
decline in available soil water may have been offset by an increase in N flux rates due to
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the increase in tightly-held soil water, thus causing TEM’s perceived insensitivity to 
WHC. The mechanism responsible for this phenomenon is described below.
In TEM, PET depends only on temperature and radiation, and AET depends on 
available soil water. The ratio o f AET to PET controls canopy conductance (Raich et al. 
1991, McGuire et al. 1992). As a result, the lower AET associated with reduced plant- 
available soil water may cause lower NPP. However, the additional water above and 
beyond the 12 cm o f plant-available water may have the opposite effect, causing an 
increase in NPP via its influence on decomposition and N flux. Decomposition rates and 
the diffusion o f inorganic N in the soil solution are increased with higher estimates of 
volumetric soil moisture (McGuire et al. 1995). Because N availability to plants 
generally increases with increased decomposition and N diffusion, finer-textured soils 
(and by extension, any soils with high volumetric water content but low plant-available 
water) may increase NPP. In this study, when available soil water was constrained to 12 
cm, the increased N diffusion and decomposition rates resulting from an increase in 
tightly-held soil water most likely offset the losses in NPP that might have occurred as a 
result of lowered AET.
Land cover maps
Both models were sensitive to 1) the spatial resolution o f NPP predictions, 2) the 
method used to aggregate from high- to low-resolution, and 3) land cover classification 
as “actual” or “potential” vegetation.
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Spatial resolution
TEM 4.0 and PnET-II NPP estimates at the 60” and 0.5° resolutions were 
significantly different (Table 1.5). This occurred because at the 60” resolution, 
substantially more land is classified as spruce-fir. As forest cover is aggregated to the 
larger grid cell size, spruce-fir pixels occurring in isolated patches were not counted if 
they did not comprise a significant amount o f the larger pixel’s land cover. Because 
predicted NPP was typically lower for spruce-fir than for the other forest types, a change 
in the amount o f land area classified as spruce-fir resulted in a decrease in overall 
regional mean NPP.
Table 1.5. Model sensitivity to spatial resolution of land cover data. The Climcalc climate and 
12 cm WHC were used.
________ NPP (gOM m 2 y r1)________
Model spatial resolution Tegional average1 standard deviation
PnET-II 0.5° (dominant)2 1118.5® 1 85.7
60" (AVHRR-derived) 1084.2b 195.3
TEM 4.0 0.5° (dominant)2 1243.3® 308.4
60" (AVHRR-derived) 1194.0C 291.3
'Calculated as the average for all grid cells in the region.
Values followed by the same letter do not have significantly different medians at p < 0.05, as determined 
using the WOcoxon rank sum test for paired samples (due to non normality of sample distribution 
and unequal sample sizes).
2Baseline run. See Table 2 for structure of model comparisons.
While the difference between mean NPP predictions was very small, at the 60” 
resolution the difference between regional NPP predictions made by the two models was 
statistically significant (p < 0.0001) (Table 1.5). This is due in large part to the sheer 
number of observations: with 76,425 independent pixels (and 76,424 degrees of 
freedom) even very small differences could be detected between the medians o f the two 
distributions.
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Aggregation method
When the mosaic forest cover map was used, regional NPP predictions generated 
by both models decreased significantly (Table 1.6). This was a result o f the phenomenon 
described above: additional land in the mosaic forest cover map was classified as spruce- 
fir and hardwood/spruce-fir forests. When relatively more land area was represented by 
these less productive forest types at the expense o f  more productive types, regional NPP 
predictions decreased. The decline was more pronounced for TEM 4.0 because TEM 4.0 
predictions for the spruce-fir biome are lower than those of PnET-II.
Table 1.6. Model sensitivity to land cover classification. The Climcalc climate and 12 cm WHC 
were used.
_______ NPP (gOM m'2 y r1)_______
Model land cover dataset regional average1 standard deviation
PnET-II dominant* 1118.5a 185J
mosaic 1094.0b 152.8
TEM 4.0 dominant2 1243.3° 308.4
mosaic 1206.7d 287.3
'Calculated as the average for all grid cells in the region (n=94).
Values followed by the same letter are not significantly different at p < 0.05 (n=94), as determined 
using the Wilcaxon signed rank test for paired samples (due to nonnormality of sample distribution).
2Baseline run. See Table 2 for structure of model comparisons.
Using the dominant forest cover dataset, a clear distinction exists between pixels 
of different forest types. With the mosaic forest cover dataset, the same bias at the low 
and high ends of the NPP range is present but the distinction between pixels of different 
forest types is not as evident (Figure 1.13). As discussed above, TEM 4.0 predicts lower 
NPP than PnET-II for the least productive pixels and higher NPP than PnET-II for the 
most productive pixels. In this study, the distribution o f pixels of each forest type was 
such that regional averages were similar. It would be dangerous to conclude on the basis
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o f averages alone, however, that the NPP predictions made by the two models were the 
same for this region. The possibility o f offsetting errors due to compensating differences 
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Figure 1.13. TEM 4.0 vs. PnET-II NPP predictions from runs using the mosaic land cover 
dataset as input. Results in this figure are equivalent to those in Figure 10, except that the mosaic 
land cover map has been substituted for the dominant land cover map.
Vegetation classification approaches
When NPP predictions were presented as regional yearly totals based on the 
dominant (actual) land cover map and the VEMAP potential vegetation map, total 
regional NPP estimates made by the two models were within 10% of each other (Table
1.7). However, the method used to characterize vegetative cover has an important impact 
on model estimates. Total regional NPP estimates made using the dominant land cover
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map represent 83% of the totals made using the potential forest cover map, while the 
land area covered by the dominant land cover map encompasses 81.6%  o f the total land 
area in the region. A direct comparison between NPP under actual and potential cover 
scenarios can only be truly performed using models that predict NPP in northeastern 
agricultural and urban areas in addition to forests, but we have demonstrated that there is 
a substantial difference in regional NPP estimates between actual and potential forest 
cover scenarios.
Table 1.7. Model predictions using actual and potential vegetation datasets. The Climcalc 
climate and constant 12 cm WHC were used.
Regional NPP Total area
Vegetation representation Model ( T g O M y r 1)________ (km'2)
actual (dominant) PnET-II 234.7 209076
TEM 4.0 261.3
potential (VEMAP) PnET-II 284.3 256136
TEM 4.0 316.1
Comparisons with VEMAP biogeochemistry models 
Using the VEMAP potential cover map and the VEMAP climate dataset, PnET-II 
predicted higher mean NPP than TEM 4.0 for the boreal and temperate mixed pixels, and 
lower mean NPP for the temperate deciduous pixels (Table 1.8). This resulted in a 
higher regional total NPP for PnET-II than for TEM 4.0. However, total predictions 
made by PnET-II and TEM 4.0 for all three forest types and for the region are more 
similar to each other than they are to the predictions made by CENTURY or BIOME- 
BGC. For the boreal forest type, for example, BIOME-BGC predicts a regional total 
more than three times as high as TEM 4.0, which makes the lowest prediction. For the 
temperate mixed forest, which comprises 85% of the land area, the highest regional total
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(predicted by BIOME-BGC) is more than double the lowest prediction, (made by 
CENTURY). For the temperate deciduous biome, both regional total and area-weighted 
mean NPP predictions made by PnET-II and TEM 4.0 fall in between the higher 
predictions made by BIOME-BGC and the lower predictions made by CENTURY. This 
comparison, in which climate and vegetation datasets are standardized and model results 
are examined at the biome level, illustrates the importance o f modeling assumptions and 
approaches in model predictions. Because model-to-model differences were more 
pronounced in some biomes than in others, this comparison also illustrates the 
importance o f vegetation representation in determining model output.
Table 1.8. Comparison of NPP results with those of other VEMAP models for the same region. 
All models were run using the VEMAP potential cover map and the VEMAP climate dataset. The 
TEM WHC was used for all models except PnET, which was run using the constant 12 cm WHC. 








boreal forest* BBGC 24.4 2252.0
CENT 20.0 10815 1851.2
PnET 10.0 926.4
TEM 7.0 645.7
temperate mixed3 BBGC 415.9 1909.9
CENT 202.0 217729 928.0
PnET 260.1 1194.5
TEM 243.1 1117.1
temperate deciduous4 BBGC 55.7 2017.9
CENT 32.5 27592 1177.3
PnET 39.4 1426.2
TEM 43.5 1578.7
TOTAL BBGC 495.9 1936.0
CENT 254.5 256136 993.7
PnET 309.4 1207.0
TEM 293.6 1146.7
'BBGC = Biome-BGC; CENT = CENTURY; PnET = PnET-II; TEM = TEM 4.0. 
2Run using spruce-fir parameter values.
3Run assuming 50% pine and 50% hardwood forest cover.
4Run assuming 100% hardwood forest cover.
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CHAPTER III 
CONCLUSIONS
We hypothesized that in terms of their contributions to differences in model 
predictions, the three sources o f variability would have decreasing strengths in this order: 
I) modeling assumptions and approaches; 2) input datasets; and 3) spatial resolution. 
Consistent with our original hypothesis, we conclude that Source 1 (differences in 
modeling assumptions and approaches) is the most important contributor to differences 
between model predictions. Because process models are often keyed to land cover type 
and because resource availability drives model predictions, Source 2 (differences in land 
cover, soils, and climate input datasets) is the second most important contributor to 
variability in model predictions. Source 2 may interact with Source 1; models may 
respond differently to variations in the availability of resources such as water and PAR as 
a result of the built-in assumptions specific to that model, and different forest types 
within the same model may respond differently still to differences in resource 
availability. For the 60” and 0.5° resolutions examined in this study, Source 3 (spatial 
resolution) was not as important to NPP predictions in the northeastern U.S. as Sources 1 
and 2. However, Source 3 may interact with Source 2. In this study, increasing the 
relative amount of land area assigned to spruce-fir forest because of decreasing pixel size 
caused a decrease in regional NPP via changes in vegetation representation.
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As model predictions are created at regional, continental, and global scales, 
special attention should be paid to the accuracy with which land is categorized and 
classified. Similarly, because these input variables are so important to model predictions 
in the northeastern U.S., we suggest that special attention be focused on deriving and 
validating accurate soil WHC and solar radiation data. O f course, attention needs to be 
paid as well to the accuracy and the methodology with which knowledge about 
ecological systems is incorporated into ecological models. By comparing model 
predictions with one another, and by identifying and quantifying the source o f differences 
between them, we can leam from their differences. Then we may use our models as 
teaching and learning tools, eventually gaining understanding about which processes are 
crucial to represent accurately broad-scale ecosystem processes, and which processes 
may be omitted without losing important information.
While model comparisons and sensitivity analyses are useful tools for 
understanding the sources of variability in model estimates, the accuracy o f any model is 
uncertain until its predictions are validated against field-measured data. At the present 
time, continental- and regional-scale field-collected validation data for NPP do not exist. 
We are working with the USDA Forest Service to develop such a database using the 
Forest Inventory and Analysis data which is collected by that agency at ten-year intervals.
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Modeling the Regional Impacts o f Increased C 02 and Climate Change
on Forest Productivity:
A Model Comparison Using PnET-II and TEM 4.0
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INTRODUCTION
Net primary production (NPP) is defined as the rate at which carbon (C) is 
accumulated by autotrophs and is expressed as the difference between gross 
photosynthesis and autotrophic respiration. NPP is the resource providing for the growth 
and reproduction of all heterotrophs on Earth; as a result, it determines the planet’s 
carrying capacity (Vitousek et al. 1986). For humans, terrestrial NPP is important 
because it is one determinant o f the sizes of the available food and wood supplies, and 
because it drives the rates of most other processes identified as “ecosystem services” 
provided by terrestrial systems (Costanza et al. 1997; Daily et al. 1997). Forests store 
90% of the C in terrestrial vegetation (Graham et al. 1990), so fluxes o f C between forest 
biomass, forest soils, and the atmosphere are key components of global and regional C 
budgets. In the northeastern United States, forest production is especially important 
because nearly seventy percent o f the land area in the region is forested (Lathrop and 
Bognar 1994).
NPP depends on the balance between rates of photosynthesis and respiration, both 
of which are sensitive to changing environmental conditions. As a result, terrestrial NPP 
is likely to change dramatically in a future marked by increasing carbon dioxide (CO2) 
concentrations and greenhouse gas-induced climate change. In Part II we compare 
results from two ecosystem process models, PnET-II (Aber and Federer 1992; Aber et al. 
1995, 1996) and TEM 4.0 (Raich et al. 1991; McGuire et al. 1992, 1993; Melillo et al.
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1993), both driven by scenarios o f potential future climate, in order to predict forest 
productivity in the northeastern region under changing environmental conditions. We 
highlight those features o f the models and input datasets which contribute to differences 
between model predictions. At the conclusion of the chapter, we describe state-of-the-art 
methods and modeling approaches currently being developed in an effort to make more 
accurate predictions of forest NPP for the region.
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CHAPTER I
C02j CLIMATE CHANGE, AND FOREST PRODUCTIVITY
Atmospheric C 0 2 concentrations have increased by nearly 30% over the last 200 
years, primarily as a result o f fossil fuel combustion, land use change, and cement 
production (Neftel et al. 1985; Vitousek 1992; Schimel et al. 1996a). If emissions 
continue to climb at this rate, a doubling o f atmospheric C 0 2 is possible by 2100, though 
the adoption of mitigation strategies may slow the growth rate or stabilize C 0 2 
concentrations (Intergovernmental Panel on Climate Change 1996). Also within the last 
two centuries, atmospheric concentrations o f gases such as tropospheric ozone (0 3), 
methane (CH4), and nitrous oxide (N20 ) have increased as a result of human activity. 
There is substantial evidence that together with C02, these greenhouse gases have 
contributed to a global surface temperature warming of 0.3 to 0.6° C over the last 
century, with 0.2 to 0.3° C of this warming occurring within the last 40 years (Nicholls et 
al. 1996; Schimel etal. 1996a). The recent greenhouse-gas induced warming has been 
greatest in the northern latitudes, from 40 to 70° N (Nicholls et al. 1996) including the 
northeastern region of the U.S. discussed in this chapter (41 to 47.5° N, 67 to 76° W). 
Future temperature changes are expected to be most dramatic toward the poles 
(Kattenberg et al. 1996). While most climate models predict an increase in global mean 
precipitation, there is little agreement about precipitation trends at the regional level
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(Kattenberg et al. 1996). A useful review o f the sources and dynamics of greenhouse 
gases, and o f the specific changes in climate that may result from their emissions, can be 
found in the recent report of the Intergovernmental Panel on Climate Change (IPCC) 
(1996).
The physiological responses of plants to increased C 0 2 and climate change have 
been the subject of hundreds o f publications within the past several decades. Although a 
detailed review of the literature on this topic is beyond the scope of this chapter, some 
recent discussions can be found in Strain (1987), Eamus and Jarvis (1989), Bazzaz 
(1990), Graham et al. (1990). Mooney et al. (1991), Bazzaz and Fajer (1992), Mousseau 
and Saugier (1992), Idso and Idso (1994), Bazzaz et al. (1996), Koch and Mooney (1996), 
Komer (1996), and Wilsey (1996). Overall, increased C02 is thought to have a direct 
effect on stomatal function and carboxylation rates, changing photosynthesis and 
transpiration (Jarvis and McNaughton 1986; Field et al. 1995). Increased C0 2  has been 
shown to impact respiration rates as well, though the direction of change appears to vary 
(Amthor 1991). At the same time climate changes, which are projected to be indirect 
effects of C 0 2 and greenhouse gas increases, are likely to alter the rates of respiration, 
decomposition, and nutrient cycling in addition to photosynthesis and transpiration. Thus 
at the whole-ecosystem level, complex interactions between the vegetation C 0 2 response, 
biogeochemical cycles, and water and energy fluxes are likely. The complexity of these 
interactions makes it difficult to extrapolate from short-term physiological measurements 
to prediction o f long-term system responses (Mooney 1996).
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While much progress has been made toward quantifying forest response to 
elevated C 0 2 using short-term physiological measurements, data are becoming available 
that illustrate potential shortcomings of the approaches used to date. For example, in 
addition to affecting photosynthesis, enhanced C 0 2 and climate change can impact 
allocation, foliar composition, decomposition, and nutrient cycling, as shown by Zak et 
al. (1993), Cotrufo and Ineson (1996), and Randlett et al. (1996). Bazzaz et al. (1996) 
have pointed out the potential danger of extrapolating from seedling experiments to 
mature tree responses. Transporting plants grown at ambient C 0 2  directly to increased- 
C 0 2 environments can induce potentially unrealistic physiological responses, as 
suggested by Eamus (1991). Few researchers have explored plant acclimation or 
evolutionary response to elevated C 02, though this possibility is mentioned by Sage et al. 
(1989), Field et al. (1995), and Bazzaz et al. (1996). Shifts in competitive interactions 
under increased C 0 2 and climate change are likely to induce species changes, which may 
impact stand- and regional-scale photosynthetic rates as suggested by Bolker et al. (1995) 
and Komer (1996). Finally, Rastetter et al. (1991, 1992) have used a modeling approach 
to incorporate the effects of nutrient availability on long-term photosynthetic response. 
Free-Air C 0 2 Enrichment (FACE) experiments, in which mature stands are exposed to 
elevated C 0 2 concentrations, are a promising alternative to greenhouse and pot 
experiments, but currently they are limited by technological and cost constraints and they 
sample only a small portion of a tree’s life span, according to Bazzaz et al. (1996).
In the northeastern U.S., forest ecosystems are subject to additional factors 
thought to influence forest productivity, such as increasing tropospheric O3 
concentrations (Ollinger et al. 1997), acid rain and cation depletion (Likens et al. 1996),
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and N deposition (Ollinger et al. 1993; Lovett 1994; Townsend et al. 1996). Under a 
changed climate the frequencies of disturbances such as fire and pathogen outbreaks are 
also likely to change, further altering productivity patterns (Schimel et al. 1997). An 
attempt at accurate and complete prediction of future forest NPP in the northeastern U.S. 
would require consideration of each o f these separate, yet potentially interacting, factors. 
In this chapter, our intent is not to attempt an integrated assessment o f forest response to 
all o f the stressors that affect forest productivity in the region. Such an assessment would 
be premature, given the current state o f knowledge about the interactions between these 
factors. Instead, we will focus on the potential impacts o f  increased CO2 and climate 
change on forest productivity in the northeastern U.S., and we anticipate that future 
research will be able to examine the integrated responses of forests to these many 
stressors.
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CHAPTER n
MODELING FOREST PRODUCTIVITY
Because the NPP response of forests to the interacting factors discussed above is 
likely to be extremely complex, single-factor experiments to determine how intact 
systems will respond to future perturbations are necessarily limited in their predictive 
ability. The inevitable shortcomings of past experimental approaches in assessing the 
long-term impacts o f  increased C02 on plant production make it very difficult to use an 
experimental approach to measure plant response to elevated CO2, which is just one of 
several stressors likely to be important in the future.
For situations like this one, in which experimental measurements are difficult or 
impossible, models can be useful predictive tools. A modeling approach may be used to 
extrapolate process descriptions from site-level measurements to regional-scale estimates 
(Aber et al. 1993a). Models may also be used to predict forest response to conditions 
that do not yet exist, such as the likely convergence of several interacting stressors in the 
northeastern U.S. under a changed climate and increased atmospheric C 02. Of course, 
uncertainty always exists in model estimates (Oreskes et al. 1994), and it is impossible to 
validate predictions o f  the future (Rastetter 1996). However, it is to our advantage to 
present our best predictions, basing those estimates on models parameterized using 
existing data.
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Despite the impossibility of validating predictions o f the future, strategies for 
verifying model performance do exist. For example, comparing model estimates of 
current conditions against field-measured data can provide useful information about 
model accuracy (Aber 1997). Comparisons between results generated by models with 
different underlying principles are another type of model validation (Rastetter 1996). 
Model comparisons can also suggest lines for further inquiry and point to areas where 
more experimental data are needed. For example, if  an analysis of predictions made by 
several models with different structures were to indicate that water use efficiency (WUE) 
was the parameter most likely to determine forest response to global change, then it 
might be useful to design experimental studies that determine under what conditions and 
to what extent WUE is likely to increase or decrease.
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CHAPTER IE
METHODS: EQUILIBRIUM NPP PREDICTIONS
Background and Objectives
A major question to be asked during this study is: How does the representation of 
above- and below-ground processes affect model predictions o f NPP under enhanced 
C 0 2 and climate change? In PnET-II (Aber and Federer 1992; Aber et al. 1995, 1996), 
aboveground photosynthesis, allocation, and respiration are represented in NPP 
predictions. While a soil respiration term is included in PnET-II (Kicklighter et al.
1994), the model does not explicitly simulate biomass accumulation or belowground C 
and N cycling. In contrast, TEM 4.0 (Raich et al. 1991; McGuire et al. 1992, 1993; 
Melillo et al. 1993) simulates interactions between and among above- and below-ground 
lumped C and N pools, using these transfers in its predictions o f NPP. Because PnET-II 
emphasizes above-ground processes while TEM 4.0 represents both above- and below- 
ground processes, the two models represent N limitations to growth in different ways. 
PnET-II requires foliar %N as an input, and assumes that foliar %N represents the 
constant N constraints experienced by the forest. TEM 4.0 simulates soil N cycling and 
N uptake, and assumes that changes in these variables represent changes in the N 
constraints experienced by the vegetation.
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A second major question to be asked during this study is: How does the 
representation o f C 0 2 effects on C fixation affect model predictions of NPP under 
enhanced C 0 2 and climate change? Field research has suggested that increases in WUE 
are likely under enhanced C 0 2 (for example, see Hollinger (1987)). Increased WUE 
would cause higher NPP in those biomes that experience water stress. However, a WUE 
increase can be caused by increased C assimilation, decreased stomatal conductance, or 
both ((Eamus 1991); see also Field et al. (1995) and Bazzaz et al. (1996)). If 
conductance decreases while C assimilation increases, WUE will increase even further. 
Thus WUE is a lumped measure o f the end result o f C 0 2 increase. In PnET-II, C 0 2 
doubling is modeled as doubled WUE; thus PnET-II assumes that increases in C 
assimilation and decreases in conductance will sum to a 100% increase in WUE. In 
TEM 4.0, ambient C 0 2 controls internal leaf C 02, which drives C assimilation (McGuire 
et al. 1997). In this way, TEM 4.0 includes a physiologically-based mechanism for 
predicting the impacts of enhanced ambient C 0 2 on C assimilation.
A third major question to be asked in this study is: What is the difference 
between global and regional parameterization approaches for model predictions o f NPP 
under enhanced C 0 2 and climate change in the northeastern U.S.? To illustrate, TEM 
4.0 takes a generalized global approach to vegetation and ecosystem modeling. No 
distinction is made between different plant parts (i.e. woody stems, foliage, roots), and 
biomes are delineated on a global basis. For example, the Alaskan boreal forest is 
assumed to have the same characteristics as all boreal and spruce-fir forests globally. 
Underlying the global parameterization of biomes in TEM 4.0 is the assumption that
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spatial variations in climate can explain variations in NPP and soil processes when the 
same biome occurs in different parts of the world. On the other hand, while the central 
relationship in PnET-II (the positive relationship between foliar %N and maximum 
photosynthetic rate) is generalizable to other types o f vegetation, PnET-II has to date 
been used only to simulate forest production. In past applications, PnET-II has separated 
forest types into biomes on a regional basis. The assumption underlying this approach is 
that inter-regional productivity differences exist which cannot be explained by climate 
alone. These differences are most clearly related to species composition, but could also 
relate to site quality or land use history. When PnET-II has been used to predict forest 
productivity in other parts of the world (for example, when it was used to predict the 
productivity of Sitka spruce in Ireland by Goodale et al. (1997)), species- and forest- 
specific parameters have been defined from field data collected in the region to which it 
is applied.
PnET-II and TEM 4.0 are applied in the first section of the chapter as equilibrium 
models. This means that they simulate a future in which CO2 concentrations and climate 
have stabilized and vegetation distribution is constant. They do not include the effects of 
events such as changes in disturbance frequencies, reduction of C stored in biomass, 
changing vegetation distributions, or altered soil water holding capacity (WHC) as a 
result o f changing climate (Pastor and Post 1988, 1993; Smith and Shugart 1993). While 
there is growing recognition that these transient processes are potentially very important 
during the process of climate change (for example, see Tian et al. (1997)), at present
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there is little consensus about the direction or magnitude o f the transient responses 
(Melillo et al. 1996), especially at the regional level.
Model descriptions
PnET-II
In PnET-II (Figure 2.14), above-ground vegetation C is stored in four 
compartments (Aber and Federer 1992; Aber et al. 1995): foliar canopy, plant (mobile) 
C, bud C, and wood. Gaseous C is taken up by the canopy during photosynthesis and is 
either respired or allocated to the various compartments.
A multi-layered forest canopy is constructed in which available light and specific 
leaf weight decline with canopy depth. Light attenuation through the canopy is based on 
the Beers-Lambert exponential decay equation (y = e**1-*1); maximum gross 
photosynthesis is calculated individually for each of the 50 canopy layers in order to 
capture the effect of gradual light extinction on carbon gain. For each layer, gross 
primary productivity (GPP) is a function o f the predicted maximum photosynthetic rate 
attenuated by environmental conditions such as water availability, temperature, and 
daylength. Maximum photosynthetic rate is determined as a linear function o f foliar N 
content, following the observed relationship between these two variables across species 
from diverse ecosystems (Field and Mooney 1986; Reich et al. 1995). Net 
photosynthesis is calculated by subtracting day and night foliar respiration from GPP. 
Total canopy NPP is calculated as the numerical integration of net photosynthesis over 
the 50 canopy foliage layers, minus respiration by stems and roots.
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Stomatal conductance is directly related to net photosynthetic rate, making WUE 
a function of vapor pressure deficit (VPD) (Tanner and Sinclair 1983; Sinclair et al. 
1984). In this way, transpiration can be predicted from canopy photosynthesis and VPD, 
providing a direct link between the carbon and water balance portions of the model. The 
long-term sustainability of increases in photosynthetic rate as a result of enhanced 
ambient C 0 2 is uncertain due to the possibility of acclimation or nutrient limitation 
(Bazzaz 1990; Rastetter et al. 1991). Therefore, the atmospheric C 0 2 increase is 
assumed to have direct effects on WUE (as discussed above), and not on photosynthetic 
rate. Using PnET-II for the northeastern U.S., a doubling o f C 0 2 is assumed to result in a 
doubling of WUE (Aber et al. 1995).
While PnET-II does not calculate a complete soil C budget, it does predict some 
transfers between above- and below-ground pools. For example, it transfers C from the 
mobile plant pool to roots and wood, and soil respiration (which includes both microbial 
and root respiration) (Aber et al. 1995) draws on the C assumed to exist belowground 
(Figure 2.14). Net ecosystem productivity (NEP) is calculated on a monthly basis as the 
difference between net photosynthesis and the sum of four respiration terms: foliar 
growth respiration, wood maintenance respiration, wood growth respiration, and soil 
respiration. The monthly NEP values are summed for a yearly NEP prediction.
Parameters in PnET-II are obtained on a regional basis from field data collected 
in the region, and are not calibrated to make model results match measured output data. 
The model has performed well at predicting forest production and runoff at diverse 
locations across North America (Aber and Federer 1992; Aber et al. 1995), and has been
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tested against eddy correlation C 0 2 exchange measurements (Aber et al. 1996). To date, 
the PnET models have been applied to forests in the northeastern U.S. at spatial 
resolutions o f  60 arcseconds (60”) (approximately 2 km) and 0.5° (approximately 60 km) 
(Aber et al. 1995, 1997; Ollinger et al. 1996; Jenkins et al. 1997), and to forests in Ireland 
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Figure 2.14. Comparison of PnET-II (left) and TEM 4.0 model structures. Symbols are as in 
Figure 1.2.
Terrestrial Ecosystem Model 4.0 (TEM 4.0)
Unlike PnET-II, vegetation C (both aboveground and belowground) in TEM 4.0 is 
simulated as a single compartment (Raich et al. 1992). Atmospheric C02 is taken up by 
plants during GPP and C is then respired back to the atmosphere or transferred to the soil 
C compartment as litterfall (Figure 2.14).
The rate of GPP is influenced by photosynthetically active radiation (PAR), leaf 
area, air temperatures, actual evapotranspiration, potential evapotranspiration, N
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availability, and atmospheric C 0 2 concentration. Plant respiration depends on air 
temperature and vegetation C. NPP is calculated as the difference between GPP and 
plant respiration.
The relationship between C assimilation and intercellular C 0 2 is described by 
empirical functions representing limits imposed by carboxylation, light availability, 
synthesis, and N availability (Wullschleger 1993; Sage 1994; McGuire et al. 1997). 
Intercellular C 0 2 is determined from atmospheric C 0 2 by a canopy conductance term 
which depends on water availability (McGuire et al. 1997). For simulations of the effects 
of increased atmospheric C 0 2 in this study, ambient C 0 2 was doubled from 355 to 710 
ppmv.
TEM 4.0 includes decomposition and N dynamics in its predictions; N 
availability, which is determined by predicted N mineralization rate, can limit 
photosynthesis and NPP. While PnET-II includes the effect of N availability in its 
predictions via the relationship between foliar %N and photosynthetic rate, it does not 
include decomposition or N dynamics in its predictions and thus does not consider the 
potential for feedbacks between climate change and nutrient availability. In TEM 4.0, 
litterfall and root turnover are simulated as transfers from vegetation to soil C and N 
pools, and N is transferred between the soil N pool and the available N pool via N 
mineralization. In this way, N availability depends on the recycling o f N from 
decomposing litter and soil organic matter so that rates of NPP are coupled to rates of 
decomposition. NEP is calculated monthly as the difference between GPP, autotrophic
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respiration (growth and maintenance respiration by all plant parts), and heterotrophic 
respiration (respiration by belowground microbes).
Although many of the vegetation-specific parameters in TEM 4.0 are defined 
from published information (Raich et al. 1991; McGuire et al. 1992; Melillo et al. 1993), 
some are determined on a biome-specific basis by calibrating the model to the fluxes and 
pool sizes of intensively studied field sites. To date, TEM has been applied using 
datasets gridded at a resolution of 0.5° latitude by 0.5° longitude for South America 
(Raich et al. 1991), North America (McGuire et al. 1992, 1993; VEMAP Members
1995), and the globe (Melillo et al. 1993; McGuire et al. 1997; Xiao et al. 1997).
Input dataset descriptions
Both PnET-II and TEM 4.0 require that vegetation type be specified, though the 
models have to date applied different vegetation classification systems. PnET-II and 
TEM 4.0 have different requirements for the representation of soil characteristics, though 
they require similar climate variables as input. Required climate variables are: monthly 
temperatures (maximum and minimum for PnET-II, average for TEM 4.0), monthly total 
precipitation, and monthly mean o f total daily solar radiation.
Land cover dataset
Because the two models have used different vegetation datasets in past 
applications, for this study we used a standardized vegetation map at the 0.5° resolution 
(Figure 2.15), which was developed originally at the 30” (roughly 1 km) resolution from 
Advanced Very High Resolution Radiometer (AVHRR) data by Lathrop and Bognar
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(1994). This fine-resolution map was aggregated to the coarser 0.5° resolution during the 
project described in Part I. The vegetation map at the 0.5° resolution was used for this 
study because it greatly shortens computational time, and because we determined in the 
previous study that for applications of these models to the northeastern U.S., differences 
in spatial resolution did not contribute significantly to variability in model predictions 
(Jenkins et al. 1997).
Using this vegetation map, the northeastern region consists of 115 forested pixels; 
no attempt was made in the current analysis to take into account land that is not presently 
forested. For both models, hardwood/spruce-fir pixels were run assuming each pixel 
consisted o f  40% hardwood and 60% spruce-fir, and hardwood/pine pixels were run 
assuming each pixel consisted of 60% hardwood and 40% pine. These forest 
composition estimates were generated by comparing the original AVHRR-generated 
vegetation map with USDA Forest Service Inventory and Analysis data (Beltz et al.
1992).
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Figure 2.15. Land cover map used as input for PnET-II and TEM 4.0 model predictions.
Soils
Both PnET-II and TEM 4.0 use the concept of soil WHC (defined as field 
capacity minus wilting point) to represent the maximum amount of water that can be 
stored in the soil and made available to plants. But while PnET-II requires soil WHC as 
an input variable, TEM 4.0 uses soil depth and soil texture (as %(silt + clay)) to derive 
total volumetric soil water at field capacity, and then uses rooting depth to predict soil 
WHC. Soil WHC is used as an internal variable during most TEM simulations. A 
constant value of 12 cm has been used for soil WHC in all northeastern U.S. PnET 
analyses to date (Aber and Federer 1992; Aber et al. 1995, 1997; Ollinger et al. 1996; 
Jenkins et al. 1997) and soil WHC was held constant at 12 cm for this study as well. To
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create equivalent NPP predictions using both models, we constrained the soil WHC used 
internally by TEM to 12 cm.
Climate input datasets
Both contemporary climate scenarios and scenarios o f changed climate under 
greenhouse gas forcing were used as input to the models.
Contemporary climate. For all contemporary climate data, we selected the 115 
0.5° latitude by 0.5° longitude grid cells that represent this part of the northeastern U.S. 
from the Vegetation/ Ecosystem Modeling and Analysis Project (VEMAP) (Kittel et al. 
1995). To develop these contemporary climate data, minimum and maximum monthly 
temperatures from weather stations were adiabatically adjusted to sea level using 
algorithms of Marks and Dozier (1992), georeferenced to the 0.5° grid, then readjusted to 
grid elevations. For TEM 4.0, mean monthly temperatures were determined by averaging 
the maximum and minimum temperatures for each month. Mean monthly precipitation 
was aggregated to the 0.5° resolution from a 10 km resolution dataset developed using 
the PRISM model (Daly et al. 1994). CLIMSIM (a simplified version of MT-CLIM for 
flat surfaces (Running et al. 1987; Glassy and Running 1994)) was used to estimate daily 
solar radiation received at the canopy level, and these daily data were averaged to obtain 
the monthly means.
Climate change scenarios. Equilibrium climate change scenarios from four 
General Circulation Model (GCM) experiments were used to create the forest NPP 
predictions presented here. Three of these four were also used to create continental-scale 
predictions during the VEMAP exercise (VEMAP Members 1995). These are from the
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Geophysical Fluid Dynamics Laboratory (GFDL) (Wetherald and Manabe 1988; Manabe 
et al. 1990; Wetberald et al. 1990), Oregon State University (OSU) (Schlesinger and 
Zhao 1989), and tbe United Kingdom Meteorological Office (UKMO) (Wilson and 
Mitchell 1987).
The fourth GCM scenario comes from the Hadley Centre (Mitchell, JFB et al. 
1995). In this study, we used climate data from two Hadley scenarios: the first includes 
only the radiative forcing due to greenhouse gases (the “Hadley/ gas” scenario), and the 
second takes into account both the wanning effects o f greenhouse gases and the direct 
radiative effect o f sulphate aerosols (the “Hadley/ sulphate” scenario). Thus only one set 
of climate data in this experiment includes the effects o f sulphate aerosols, which can 
influence climate directly by scattering and absorbing radiation, or indirectly by 
modifying the optical properties of clouds (Schimel et al. 1996a). In the short term, 
sulphate aerosols are likely to mitigate the warming influence of greenhouse gases 
(Mitchell, JFB et al. 1995), though considerable uncertainty exists about the spatial 
distributions of sulphate and other aerosols and about their individual and combined 
impacts on radiative forcing of climate change (Schimel et al. 1996a).
To find monthly minimum and maximum temperature projections for use in 
PnET-II, the difference between the GCM and VEMAP monthly mean temperatures was 
found for each of the 115 0.5° pixels. This difference was then added to the VEMAP 
monthly minima and maxima to create an estimate o f the monthly minimum and 
maximum temperature under climate change for each pixel. This method assumes no 
change in the diurnal temperature range. For the northeast region, the UKMO and GFDL
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scenarios predict the warmest conditions under climate change, with regional yearly 
average temperature increases of 8.1 and 6.1° C, respectively. The Hadley/ gas, OSU, 
and Hadley/ sulphate scenarios predict smaller temperature increases, with regional 
yearly average increases of 3.6,3.2, and 2.5° C, respectively (Figure 2.16).
Temperature projections made by the Climcalc model, a statistical model of 
contemporary climate based on latitude, longitude, and elevation and created from 
weather station data collected in the region (Ollinger et al. 1995), are also plotted on 
Figure 2.16 for comparison. The Climcalc and VEMAP predictions of contemporary 
monthly mean temperature agree closely; this agreement contrasts with the GCM 
projections, which differ more substantially from one another. Despite their differences, 
though, all of the GCM scenarios predict substantially warmer temperatures year-round. 
The increased year-round temperatures are likely to speed decomposition and respiration 
rates. Warmer year-round temperatures are also likely to have important implications for 
other processes associated with soil freezing (for example, see Mitchell, MJ et al.
(1996)). Finally, because temperatures are warmer for a greater proportion of the year, 
climate change could result in phenology changes. Myneni et al. (1997) have reported 
satellite evidence for a lenthening o f the growing season in the northern latitudes 
between 1981 and 1991 as a potential result of climate change.
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Figure 2.16. Temperature predictions made by the GCM scenarios used as input to PnET-II and 
TEM 4.0.
The difference between the VEMAP and Climcalc estimates o f  contemporary 
precipitation is greater than the corresponding difference between the contemporary 
temperature datasets. This difference is slight compared to the projected changes in 
precipitation represented by the various GCM datasets (Figure 2.17). Averaged 
regionally, however, the GCM scenarios all predict an increase in total annual 
precipitation for the northeast region. The UKMO scenario predicts a 23.4% 
precipitation increase. The GFDL scenario predicts high precipitation in the fall and 
winter and low precipitation in midsummer. On a yearly basis, the GFDL scenario 
predicts an 18.5% increase in precipitation. The OSU scenario predicts a smaller yearly 
precipitation increase, at 10.9%, and the Hadley/ gas and Hadley/ sulphate scenarios 
predict intermediate precipitation increases of 18.4% and 19.0%, respectively.
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Figure 2.17. Monthly precipitation estimates made by the GCM scenarios used as input to PnET- 
II and TEM 4.0.
The GCM scenarios, which are all based on departures from the VEMAP dataset, 
predict slight changes in solar radiation in the northeast region (Figure 2.18). During the 
winter, the two Hadley scenarios predict somewhat lower solar radiation than the other 
GCM scenarios, and the sulphate correction also moderately reduces the amount of 
radiation received during the growing season. The difference between the Climcalc and 
VEMAP representations of contemporary climate is larger than the differences between 
the predictions made by the GCM scenarios. Considerable uncertainty exists about the 
accuracy o f the VEMAP solar radiation data at the continental and regional scales (Pan et 
al. 1996; Jenkins et al. 1997). Because ecosystem process models can be quite sensitive 
to solar radiation inputs, future research should be directed at reducing this uncertainty.
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Figure 2.18. Solar radiation predictions made by the GCM scenarios used as input to PnET-II 
and TEM 4.0.
GCM uncertainty. The 0.5° latitude by 0.5° longitude GCM estimates used in this 
study were interpolated from original datasets with a resolution of 5° latitude by 5° 
longitude. GCM predictions are less reliable at the regional scale than at larger scales 
(Kattenberg et al. 1996) due to the parameterizations of physical processes, which are 
less accurate at smaller scales (Gates 1985; Ghan 1992). Areas dominated by land-ocean 
interactions are especially prone to GCM uncertainty (Cooter et al. 1993). While 
regional climate projections such as those used in this analysis are necessarily uncertain, 
the GCM projections do represent a range of possible climate responses to radiative 
forcing. Analysis and comparison of model predictions of forest NPP under several of 
these scenarios provides us with a range of possible forest responses for a future in which 
the trajectory of climate change is uncertain.
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CHAPTER IV
RESULTS: EQUILIBRIUM NPP PREDICTIONS
Regional predictions
At the regional scale, both models predicted an increase in forest NPP under the 
climate change scenarios (Table 2.9), with PnET-II predicting an average increase of 
37.9% over the VEMAP contemporary scenario, and TEM 4.0 predicting an average 
increase of 30.0%. PnET-II and TEM 4.0 NPP predictions increased by 2.5% and 6.2% 
less, respectively, under the Hadley/ sulphate scenario than under the Hadley/ gas 
scenario. Thus while sulphate aerosol correction does impact model predictions, larger 
differences exist between NPP predictions made using unrelated GCM scenarios. Using 
the UKMO scenario, in particular, both models predicted significantly higher NPP values 
than they did using the other scenarios (Table 2.9). In this analysis at the regional scale, 
differences between the GCM climate input datasets were more important contributors to 
variability in model predictions than differences between the models.
Biome-level predictions
The biome-level differences evident in the NPP predictions for contemporary 
climate were emphasized when the GCM scenarios were used to drive the models. For 
all GCM scenarios, PnET-II predicted that NPP in the higher-productivity forests
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(hardwood and hardwood/ pine) would increase more than in the lower-productivity 
forests (spruce-fir and hardwood/ spruce-fir), while TEM 4.0 predicted that NPP would 
increase by roughly the same percentage for each biome (Table 2.9). To understand 
better the reasons behind these differences, we examined the impacts of individual 
climate variables on biome-level NPP responses. We performed an experiment with both 
models in which all other variables were held constant at control (VEMAP) levels while 
climate inputs from the Hadley/ sulphate GCM scenario were substituted one at a time 
(Figure 2.19). The Hadley/ sulphate GCM scenario was used for this exercise because it 
takes into account the radiation-scattering effects of sulphate aerosols, which are likely to 
exert a significant effect on climate in the future (Mitchell, JFB et al. 1995; Schimel et al. 
1996a).
Table 2.9. NPP predictions made by PnET-U and TEM 4.0 under VEMAP contemporary climate 
and 2xCC>2 scenarios.
Blonw-spacffic averages (gOM m *  yr'')(%diffarenoe from control) Regional total
Model GCM scenario hardwood' spruce-fir2 hardwood/spruce-fir3 hardwood/pine4 (TflO M yr’)
PnET-II VEMAP (control} 1367.60 890.40 1050.80 1186.80 313.14
GFDL 1838.41 (+34.4%) 963.56 (+165%) 1283.76 (+221%) 1819.63 (+513%) 418.32 (+316%)
Hadley gas only 1870.31 (+368%) 917.46 (+10%) 122224 (+163%) 1781.10 (+5ai%) 414.99 (+32.5%)
Hadley sulphate 1839.26 (+34.s%) 899.30 (+1.0%) 120212 (+14.4%) 1726.24 (+465%) 407.06 (+310%)
OSU 1907.36 (+39.5%) 910.63 (+21%) 1245.20 (+165%) 1813.88 (+52.8%) 42293  (+361%)
UKMO 2199.67 (+60.8%) 1124.22 (+263%) 1443.85 (+17.4%) 2247.13 (+863%) 496.38 (+562%)
TEM 4.0 VEMAP (control) 1540.07 583.55 896.48 129635 324.17
GFDL 1757.85 (+14.1%) 709.05 (+211%) 1093.51 (+22.1%) 160262 (+217%) 381.68 (+17.7%)
Hadley gas only 1941.44 (+261%) 744.40 (+27.8%) 1151.34 (+268%) 1674.89 (+263%) 41238  (+271%)
Hadley sulphate 1844.17 (+167%) 707.40 (+211%) 1093.40 (+22.1%) 1603.-13 (+218%) 39228  (+21.0%)
OSU 1963.64 (+268%) 745.55 (+27.8%) 1159.77 (+265%) 1683.34 (+30.0%) 418.72 (+291%)
UKMO 2417.64 (+57.0%) 906.45 (+563%) 1368.05 (+52.8%) 1943.42 (+560%) 501.44 (+54.7%)
’n = 54 pixels for each scenario. 
2n = 2 for each scenario. 
an = 40 for each scenario.
4n = 19 for each scenario.
PnET-II
Because doubled C02 is parameterized as a doubling o f WUE, the forest types 
that are most limited by water availability in PnET-II are expected to respond the most
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dramatically to C 0 2 increase. A previous sensitivity analysis with PnET-II (Ollinger et 
al. 1996) suggested that water availability was the factor most limiting to hardwood 
forests under the range of conditions typical o f the northeastern region. Consistent with 
the results from the previous analysis, in this study PnET-II predicted a dramatic increase 
in hardwood NPP when C 0 2 doubling was added to contemporary climate (Figure 2.19). 
The forest types with a hardwood component also experienced an increase in NPP due to 
C 0 2 doubling. In addition, hardwood NPP responded positively to the precipitation 
increase from the VEMAP to the Hadley/ sulphate scenarios (Figure 2.19). The NPP 
change with increased precipitation was not as dramatic, because the 19.0% increase in 
precipitation did not alleviate as much water stress as did the doubled WUE.
For the range of conditions currently encountered by northeastern forests, PnET-II 
predicts that NPP in the spruce-fir biome is more limited by solar radiation and 
temperature than by water (Ollinger et al. 1996; Jenkins et al. 1997). Thus the 2.5° C 
average regional increase predicted by the Hadley/ sulphate scenario caused a slight 
increase in predicted NPP for spruce-fir forests. Similarly, the absence of water 
limitation in spruce-fir forests means that spruce-fir NPP is more tightly linked to solar 
radiation and PAR availability. As a result, the decline in solar radiation predicted by the 
aerosol-corrected Hadley/ sulphate scenario caused a slight decline in spruce-fir NPP 
(Figure 2.19).
When all of the Hadley/ sulphate climate variables were applied simultaneously 
with doubled C 02, predicted NPP was higher in all forest types (except spruce-fir) than 
for any o f the variables applied alone. The combined impacts of alleviated water stress
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
and increased precipitation on hardwood NPP were important determinants of 
productivity in all biomes with a hardwood component (Figure 2.19). However, the 
effects were not additive, suggesting that interactions between water and temperature 
may be key predictors of modeled NPP under climate change. Spruce-fir NPP stayed 
roughly the same when the Hadley/ sulphate GCM variables were applied together with 
doubled CO2, because the increase due to higher temperatures compensated for the 
decrease due to lower solar radiation.
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Figure 2.19. Response o f PnET-II (top) and TEM 4.0 to individual manipulation of climate 
variables from the Hadley/ sulphate GCM scenario.
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TEM 4.0
In TEM 4.0, increased atmospheric C 0 2 increases GPP in all biomes if  sufficient 
light and nitrogen are available. TEM 4.0 does not prescribe a WUE value, but 
enhancement o f GPP by C 0 2 fertilization as simulated by TEM is higher in drier biomes 
than in wetter biomes (Pan and et al. 1997). Thus, effective WUE under enhanced C 0 2 
is typically higher in water-limited systems. This result is consistent with that o f Schimel 
et al. (1997), who found a tight correlation between AET and NPP using TEM 4.0 
predictions under contemporary climate at the continental scale. The precipitation 
increase from the VEMAP to the Hadley/ sulphate scenario had little effect on TEM 4.0 
NPP predictions (Figure 2.19), because TEM 4.0 predicts little or no water stress in the 
northeastern region under the VEMAP contemporary climate.
Using TEM 4.0, the temperature increase from the VEMAP to the Hadley/ 
sulphate scenario caused a more pronounced NPP increase for all biomes than did the 
doubling of atmospheric C 0 2 (Figure 2.19). The productivity response of all biomes to 
the temperature increase suggests that decomposition and N mineralization rates 
increased substantially as a result of increased temperatures. Accelerated N 
mineralization increased N availability to vegetation, resulting in higher NPP. This result 
is also consistent with the continental-scale results of Schimel et al. (1997), who found a 
tight correlation between N mineralization and NPP in TEM 4.0 predictions under 
contemporary climate.
Predicted NPP for all forest types was higher than for any of the climate variables 
applied alone when all of the Hadley/ sulphate climate variables were applied
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simultaneously with doubled atmospheric C 0 2 (Figure 2.19). Using TEM 4.0 under 
climate change and enhanced ambient CO2, the increase in N availability caused by 
increased temperature relieved the N limitation on C assimilation that occurs under 
increased atmospheric C 02, resulting in higher NPP than under either increased C 0 2 or 
increased temperature alone (Pan et al. 1997).
Effects o f climate interactions on NPP
To this point in our analysis o f forest NPP in the northeastern U.S. under climate 
change and enhanced CO2, TEM 4.0 appears to be primarily limited by temperature, 
while PnET-II appears to be limited primarily by water. To examine the extent to which 
this broad statement holds true, we will expand the analysis in this section to include 
results from model simulations using the wider range of climate variables in all five 
GCM scenarios. Because hardwood and mixed hardwood forests comprise 98% o f the 
land in the region (as classified for this analysis), we focus on those pixels (n = 54) 
designated as hardwood forests in Figure 2.15.
Increased temperature can affect phenology as well as processes such as 
decomposition and respiration. Total annual growing degree days (GDD), calculated as 
the yearly sum of (monthly average temperature)*(days in month) for all months with 
average temperature greater than 0° C, is a useful measure of these combined effects. 
Comparing predicted NPP with annual GDD for both models and all GCM scenarios 
(Figure 2.20) shows a) the extent to which each model appears to be temperature-driven, 
and b) the comparative relationship between each GCM scenario and NPP as predicted 
by each model.
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Figure 2.20. Hardwood NPP vs. annual GDD as predicted by PnET-II (top) and TEM 4.0 under 
a range of climate scenarios.
For the climate conditions predicted by the GCM scenarios used in this analysis, 
GDD was a good predictor o f hardwood NPP for both PnET-II and TEM 4.0 (Table 
2 . 10).
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Table 2.10. R2 values from linear regression analyses between predicted NPP and each of the 
GCM-predicted climate input variables.
Average yearly N etlrradlanee Precipitation Growing season
Modal Poiasttvna temoeratura (°C) GDD1 (J rn’ day '') (cm yr"') precipitation (cm aaaao n "') Suitability1
PnET-II hardwood 0.65 0.62 0.03 0.42 021 0.70
spruce-fir 0.66 0.62 0.43 0.04 0.17 0.68
hardwood/ spruce-fir 0.72 0.68 0.15 0.42 025 0.74
hardwood/pine 0.74 0.72 0.05 0.64 023 0.73
all tvoes 0.61 0.58 0.04 025 0.13 059
TEM 4.0 hardwood 0.69 0.68 0.01 028 026 023
spruce-fir 0.70 0.70 0.26 020 0.45 028
hardwood/spruce-fir 0.61 0.57 0.03 029 028 0.68
hardwood/pine 0.78 0.73 0.01 0.61 0.30 0.80
all tvoes 0.58 0.56 0.02 0.17 0.19 0.63
'Defined a s  th e  yearly sum of (monthly average tem perature * days in month) lor all m onths with 
average temperature > 0° C.
’Defined a s  ((Growing season  precipitation * GDOyi0.000).
This can be explained in part on statistical grounds: the inclusion of six different 
scenarios representing both contemporary and changed climates widened the GDD range 
significantly for this analysis, resulting in strong correlations between GDD and predicted 
NPP. Yearly precipitation and growing season precipitation were also good predictors of 
modeled NPP for both PnET-II and TEM 4.0 (Table 2.10). This suggests that although 
PnET-II predicts substantial water limitation and TEM 4.0 appears to be temperature- 
driven in this region, both water and temperature are limiting for these models under 
climate change.
When predicted NPP was plotted against GDD for both models, predictions made 
using the GFDL scenario were appreciably lower than predictions made using any of the 
other GCM scenarios (Figure 2.21). Growing season precipitation under the GFDL 
scenario was clearly lower than that of the other GCM scenarios (Figure 2.17); for both 
models, it appeared that water stress was severely limiting productivity under this 
scenario.
To examine the interactions between growing season precipitation and GDD, we 
developed a diagnostic index of temperature and water suitability, defined as:
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“suitability” = (growing season precipitation * total annual GDD) / 10,000 (2.1)
where growing season precipitation (cm season'1) is the precipitation that occurs between 
May 1 and October 1. Linear regression analyses indicated that this index o f the 
interaction between precipitation and temperature was a better predictor of variability in 
model NPP under climate change and enhanced C 0 2 than any of the climate variables 
alone, for all forest types and both models (Table 2.10). At high values of the suitability 
index, water and temperature limitations on NPP were relieved, and at low suitability 
values the more severe water and temperature limitations produced lower predicted NPP 
(Figure 2.21).
This suitability index is not a universal tool for predicting hardwood NPP from 
temperature and precipitation, a fact underlined by the differences between the linear 
regression equations for relating predicted NPP to suitability for the two models (Figure 
2.21). Further limitations of these equations as predictors are that they apply only to this 
region’s forests, and they apply only to systems in equilibrium. These equations could 
not be used, for example, to predict the transient response of forests to climate change. 
The equations are useful as diagnostics for identifying the relative dependence of NPP 
predictions made by these two models on the interaction between temperature and 
precipitation. In particular, hardwood forest NPP predicted by TEM 4.0 was more 
sensitive to the suitability index than NPP predicted by PnET-II, and the interaction 
between water and temperature explained more o f the variability in predicted hardwood
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NPP for TEM 4.0 than for PnET-II (Figure 2.21). The predictive power o f the suitability 
index suggests that simultaneous accurate predictions of both temperature and 
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Figure 2.21. Hardwood NPP vs. suitability as predicted by PnET-II (top) and TEM 4.0 under a 
range of climate scenarios.
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Model structures
While differences between GCM representations of future climate clearly 
impacted model predictions, differences in model structure also contributed substantially 
to variability in predictions of future forest productivity.
Belowground processes
Both the NPP predictions and the relative strengths o f the water, temperature, and 
solar limitations on NPP were similar for PnET-II and TEM 4.0 in this analysis despite 
their very different representations o f the process-based limitations on NPP (Tables 2.9, 
2.10). Specifically, TEM 4.0 includes belowground N availability in its NPP predictions 
by including decomposition and N mineralization routines, which are driven by climate 
variables, while PnET-II includes belowground N availability in its predictions via foliar 
%N, which is determined by forest type and remains constant While it might be argued 
that including all belowground feedbacks between climate and nutrient availability offers 
the potential for a more accurate representation o f forest ecosystem processes, there is 
evidence for steady-state correlations between water and nutrient limitations on NPP 
(Aber et al. 1991; Schimel et al. 1996b). If a model gives an accurate reflection o f 
nutrient limitations at equilibrium (for example, by correlating photosynthetic rate with 
foliar %N), then algorithms representing detailed soil processes may be extraneous. The 
limitation o f such a model is that it does not represent conditions other than those 
occurring at steady state. Under transient conditions, representation of detailed 
belowground processes will be more important because the water, N, and C budgets are
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likely to respond to perturbation on different timescales (Schimel et al. 1996b), and NPP 
predictions will vary accordingly.
COi increase
The stepwise increase in PnET-H hardwood NPP predictions from the VEMAP 
IXCO2 climate to the GCM 2 xCC>2 scenarios (Figures 2.20,2.21) resulted from the 
doubling of WUE to estimate the effects of doubled C 0 2 on NPP. This approach 
contrasts with the approach of TEM 4.0, which causes a more continuous NPP increase 
from contemporary to future climate scenarios (Figures 2.20,2.21).
In experiments under doubled atmospheric CO2, WUE increases have ranged 
widely though the increases are usually less than 100% (Eamus and Jarvis 1989; Eamus 
1991). Thus doubling WUE may overestimate the influence of doubled atmospheric 
C 0 2. In addition, seasonal conditions and temperature may influence the degree of CO2 
enhancement o f WUE, and different patterns of C gain (and WUE increase) may be 
experienced by different parts of individual plants (Eamus 1991; Bazzaz et al. 1996). 
These considerations potentially argue in favor of a more dynamic, physiologically-based 
parameterization o f GPP response to enhanced C 02, such as that found in TEM 4.0. 
However, the focus on GPP response to the exclusion of a stomatal response might 
underestimate the direct effects of enhanced C02 on C gain. In the absence o f decisive 
and quantitative information about patterns of change in WUE and C assimilation under 
increased CO2, doubling WUE and the more physiologically-based approaches may be 
equally accurate.
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CHAPTER V
ALTERNATIVE MODELING APPROACHES
These two models, with their different structures and parameterization 
approaches, made similar predictions of forest NPP under changed climate scenarios. 
However, other factors likely to influence forest productivity in the northeastern U.S. 
were not considered here. For example, changing temperature and precipitation regimes 
during the period before equilibrium conditions are reached (transient conditions) are 
likely to cause forest NPP patterns different from those expected under equilibrium 
conditions (Pastor and Post 1993; Smith and Shugart 1993; Melillo et al. 1996). Other 
anthropogenically-induced stresses, such as N deposition, are common in the region and 
are likely to impact nutrient cycling and production rates in the future (Aber et al. 1989; 
Ollinger et al. 1993; Magill et al. 1996; Townsend et al. 1996; Vitousek et al. 1997). 
Finally, past forest clearing and agriculture are likely to have a lasting impact on current 
and future nutrient cycling and forest production (Cronon 1983; Aber and Driscoll 1996; 
Aber et al. 1997; Magill et al. 1997). Model analyses have not yet perfected techniques 
to predict forest NPP under each of these conditions, but progress is being made. In this 
section, we present some examples of our work in this area.
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Transient analyses
The variability inherent in field-measured climate data contributes substantially to 
variability in NPP predictions (Aber and Driscoll 1996). Unlike field-measured climate 
data, GCM equilibrium scenarios capture only the long-term changes in climate that 
might be expected as a result o f  greenhouse gas forcing. To examine the effects o f 
climate variability on model NPP predictions, we used transient climate data spanning 
1950-1995 as input to both PnET-II and TEM 4.1. (TEM 4.1, the transient version o f 
TEM, is described by Tian et al. (1997).)
Climate datasets
The transient temperature and precipitation data were developed from the 
temperature anomalies of Jones et al. (1991) and the precipitation anomalies of Hulme
(1995) as described by Tian et al. (1997). For the two 0.5° cells containing the Harvard 
Forest (HF) in north-central Massachusetts and the Hubbard Brook Experimental Forest 
(HBEF) in central New Hampshire, the gridded data appear to damp out some of the 
year-to-year temperature variability and to overestimate slightly the mean annual 
temperature (Figure 2.22). The gridded precipitation data capture accurately the trends in 
year-to-year variability of total annual precipitation (Figure 2.23). However, the site-to- 
site variability in precipitation is diminished by the gridded precipitation data. For 
example, the drought in the mid-1960’s was extremely severe at the HF and less severe at 
the HBEF (Figure 2.23). The gridded data underpredict the drought’s severity at HF and
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overpredict drought severity at HBEF, apparently smoothing drought effects across the 
region.
Model comparisons
We used the gridded transient data presented in Figures 2.22 and 2.23 to predict 
NPP and NEP using PnET-II and TEM 4.1 for the HF and HBEF sites. NEP represents 
the net accumulation of C and organic matter by the ecosystem; summing NEP values 
from year to year provides an estimate of net C accumulation over that time period. For 
PnET-II, foliar %N values of 2.0% and 2.4% were used in these predictions for both 
sites, because these foliar %N values represent the likely range o f hardwood foliar %N 
values for the northeastern region as a result o f site quality and previous land use history. 
The 2.4% value was measured at HBEF by Likens and Bormann (1970). The 2.0% value 
represents the average of two measured values in different areas o f the Harvard Forest:
1.8 % in the control hardwood stand used in the chronic N experiment, as measured by 
Aber et al. (1993b); and 2.2% in the area around the eddy correlation tower, as measured 
by M.E. Martin and J.D. Aber (unpubl.). While there is little direct evidence for reduced 
foliar %N in severely disturbed sites, there is convincing evidence for increased N uptake 
and foliar %N in N-rich sites (for example, see Magill et al. (1997)). Low soil N 
availability as a result of low site quality or past disturbance is likely to result in lower 
foliar %N on these sites, compared with undisturbed or high quality sites.
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Transient predictions
Perhaps the most obvious result from the model predictions made using transient 
climate data is that interannual climate variability contributes mightily to interannual 
variability in predicted NPP. Using both models, the range in predicted NPP values that 
occurred as a result of interannual climate variability was substantial (Figure 2.24). With 
PnET-II, however, the range expected as a result of climate variability was similar to or 
smaller than the range expected as a result of differences in foliar %N. This result is 
consistent with the findings o f Goodale et al. (1997), who reported that PnET-predicted 
NPP in Ireland was more sensitive to differences in foliar %N (representing site quality 
and past land use history) than to climate change.
The absence of clear trends with time in this analysis suggests that more than four 
decades o f measured data will be required in order to discern climate trends from 
transient data, or to identify NPP and NEP trends from model predictions using the 
transient climate data. The variable characteristics of field-measured time series data 
should be represented (Aber and Driscoll 1996) in datasets representing future transient 
conditions.
At the HF site, the NPP and NEP estimates made by PnET-II (using the 2.0% 
foliar N value most appropriate for that site) and TEM 4.0 agreed closely (Figure 2.24). 
When the models were applied to the HBEF site, on the other hand, the TEM 4.1 NPP 
predictions were lower on average, while PnET-II predictions (using the 2.4% foliar N 
most appropriate for that site) were higher (Figure 2.24). A comparison of the climate 
variables, in light of the analyses presented above, can explain this phenomenon.
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TEM does not predict water stress for the northeast region. As a result, 
temperature is most likely to be the driving variable for TEM predictions in this region 
under contemporary conditions. The warmer temperatures at HF, as compared with those 
at HBEF (Figure 2.22) caused TEM to predict higher NPP at HF than HBEF (Figure 
2.24). On the other hand, PnET-II does predict water stress at HF (Aber et al. 1995). 
Because forest NPP is already water-limited, changing foliar %N from 2.0% to 2.4% at 
HF has little effect on PnET-II NPP predictions (Figure 2.24). The increased 
precipitation at HBEF (Figure 2.23) made water stress less likely at that site, resulting in 
higher PnET-II NPP predictions despite the cooler temperatures (Figure 2.24). The 
cooler temperatures at HBEF also caused lower respiration rates, further contributing to 
the higher predicted NPP at HBEF than at HF.
N deposition
We used PnET-CN, a lumped-parameter model of C, water, and N interactions in 
forest systems (Aber et al. 1997), to simulate the effects of N deposition and land use 
history on forest NPP at several sites in the northeast. PnET-II was not used for these 
analyses because it assumes a constant N availability to vegetation (via the foliar %N 
parameter). PnET-II cannot predict changes in photosynthetic rate when N and organic 
matter are added or removed.
To the structure of PnET-II, PnET-CN adds plant biomass, litter and soil organic 
matter compartments. Unlike similar compartments in PnET-II, in PnET-CN these 
compartments are structural, allowing PnET-CN to predict total biomass in each system 
component. It also adds N to all compartments and fluxes, including predictions o f N
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mineralization and nitrification, plant N uptake, and leaching losses. Unlike PnET-II, 
foliar N concentrations are not constant in PnET-CN, but are predicted by the model and 
may change year-to-year depending on the relative availability of C and N to plants. 
PnET-CN adds a “Scenario” subroutine, called at the beginning of each simulated month, 
which allows for the input of information on biomass removal, N deposition, and other 
variables such as climate change or experimental manipulations. The model has 
performed well when measured against streamflow and dissolved inorganic N (DIN) data 
at diverse sites around the northeast U.S. (Aber and Driscoll 1996; Aber et al. 1997).
Two New Hampshire sites with contrasting land use histories were used to 
examine the effects of N deposition on predicted NPP: the Bowl Natural Area (BNA), 
and Watershed 2 (W2) at the HBEF. The 206-ha west branch of the BNA watershed is 
one o f the last remaining mixed deciduous and coniferous forests in the northeastern U.S. 
with no history of logging, human settlement, or forest fire. W2 was experimentally 
devegetated in 1965-66, and vegetation regrowth there was prevented with herbicide 
from the devegetation period until 1969 (see (Bormann and Likens 1979) for a 
description of the HBEF site).
Mean atmospheric deposition o f DIN (nitrate-N (NO3 -N) plus ammonium-N 
(NH4+-N)) has been estimated at 0.87 g N m '2 y r 1 for the HBEF, representing bulk wet 
deposition of 0.69 g N m‘2 yr*1 (for the period 1964-1991) ( (Butler and Likens 1991; 
Likens 1992; Likens and Bormann 1995) and dry deposition of 0.18 g N m ’2 yr’1 (for the 
year 1989; Lovett, unpublished data). At the BNA measurements of N deposition in 
1973-74 were found to be 0.88 g N m‘2 yr’1, a value very similar to those measured at the
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HBEF (Martin 1979). For the simulations which included the effects of atmospheric 
inputs, N deposition was assumed to be constant at these measured values for the time 
period (1955-1995) modeled. Monthly climate data from the existing long-term records 
at the HBEF were used as input to the model for both sites, as described by Aber and 
Driscoll (1996).
The region in which these two sites are located experienced a drought in the mid- 
to-late 1970’s, with more abundant rainfall during the 1980’s. During drought years for 
both sites and during recovery from cutting for W2, N deposition appeared to have little 
impact on predicted NPP. However, as the amount of accumulated N grew with time, 
and during periods when drought was not as severely limiting, the impact of N deposition 
on NPP was larger (Figure 2.25). For both sites, there was roughly a 10% difference in 
predicted NPP between those runs with and without N deposition in 1995. In a similar 
analysis, Aber and Driscoll (1996) found that including N deposition in model 
simulations of C and N cycling for the thirty-year period from the mid-1960’s to the mid- 
1990’s increased total C storage at the BNA by 978 g C m'2, and at W2 by 1114 g C m '\ 
Results from this experiment and the previous study suggest that while current levels of 
atmospheric N deposition may increase total C storage, the effect o f N deposition on NPP 
is slight compared to the effects o f disturbance and climate variability.
Land use history
We used PnET-CN to examine the effect of disturbance history on predicted NPP. 
For these simulations, atmospheric deposition was again held constant at the measured
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
93
values and climate data from the existing long-term HBEF record were used as input to 
the model.
To examine the effects of land use history on predicted NPP, four sites were 
added to the two described above. Watershed 6  (W6 ), the reference watershed at HBEF, 
was logged intensively from 1910-1917 and experienced some salvage removals after the 
hurricane of 1938. Watershed 4 (W4) was commercially clear-cut in the early 1970’s in 
25-m wide strips along the elevational contour. Every third strip was harvested in 1970, 
and the remaining strips were harvested in 1972 and 1974, with regrowth beginning in 
1971, 1973, and 1975. Watershed 5 (W5) was whole-tree harvested in 1983-84. The 
Cone Pond watershed is a 53-ha catchment, dominated by mixed coniferous vegetation 
(80%), with a smaller amount of northern hardwood cover (15%). While there has been 
very little cutting at Cone Pond, the watershed was disturbed by a major fire around 
1820, and charcoal is evident in over 90% o f the catchment. Descriptions of the Cone 
Pond watershed can be found in Bailey et al. (1995, 1996).
Following disturbance, such as harvesting or fire, the loss of stored N from the 
soil or plant biomass and/ or the addition of high C:N woody material to the forest floor 
tend to reduce predicted N cycling rates in PnET-CN. N mineralization has been linked 
with NPP (for example, see Pastor et al. (1984)), suggesting that NPP will decline on 
sites where disturbance has reduced N availability. Over time, ambient N deposition can 
reverse this trend by adding N to a forest experiencing reduced NPP as a result of past 
disturbance. If  a disturbance is very severe, however, centuries can pass before N cycling 
returns to previous levels. At Cone Pond, for example, N cycling rates are still very low
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because the fire around 1820 removed so much of the stored organic matter from the 
forest floor (Aber and Driscoll 1996). Similarly, the harvesting episodes in the early 
1900’s and the salvage event following the 1938 hurricane at W6  have led to a 15% 
predicted decline in N mineralization and a 50% decline in net nitrification levels (Aber 
and Driscoll 1996). While many factors are likely to affect NPP, the amount of N 
deposition that can be absorbed before maximum N cycling and NPP rates are reached in 
PnET-CN depends on the severity of the past disturbance (see also Aber et al. (1997)).
At W6 , the more recent disturbances have left the current forest more N-limited, so its 
NPP response to N deposition was greatest (Figure 2.26). At Cone Pond and the BNA, N 
deposition has had more time to accumulate since disturbance, so N deposition had less 
of an effect on predicted NPP (Figure 2.26).
For the three HBEF sites where disturbance occurred very recently, predicted N 
cycling rates recovered within years of the disturbance to just below maximum levels 
(Aber and Driscoll 1996). Predicted NPP also recovered to its previous levels within 
several years of disturbance, but N deposition appeared to have little effect on the rate of 
recovery (Figure 2.26). Instead, the severity o f the disturbance appeared to determine 
NPP response. For nine years during clearcutting, herbiciding, and recovery at W2, N 
deposition had no effect on predicted NPP. Similarly, for six years during whole-tree 
harvest and recovery at W5, N deposition had little effect on predicted NPP. At the W4 
site, which experienced partial harvesting throughout the early 1970’s, predicted NPP 
remained relatively constant because the disturbance was very slight.
While predicted NPP appears to be climbing upward in response to N deposition, 
another drought like the one in the late 1970’s could again cause a synchronous decline
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in NPP at all sites (Figure 2.26). While recovery would probably be quick, as it was after 
the previous drought, this underlines the importance of using climate data with the 
characteristics of real time-series data for predicting forest NPP. With time, N deposition 
is likely to bring these sites closer to their potential maximum N cycling rates; this 
hypothesis is supported by the upward trend in their NPP responses to N deposition 
(Figure 2.26).
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Figure 2.22. Comparison of site-measured and gridded mean annual temperature data at 
Hubbard Brook and Harvard Forest.
Comparison of climate drivers: 
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Figure 2.23. Comparison of site-measured and gridded transient annual total precipitation data at 
Harvard Forest (top) and Hubbard Brook.
Comparison of climate drivers:
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Figure 2.24. Comparison of transient model C balance predictions from PnET-II and TEM 4.1 
for Harvard Forest (top) and Hubbard Brook.
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Figure 2.25. PnET-CN NPP predictions with and without constant yearly N deposition for two 
sites in the White M ountains o f New Hampshire.
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Figure 2.26. PnET-CN NPP predictions at sites with different land use histories. All sites were 
run assuming constant yearly N deposition rates.
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INTRODUCTION
Hemlock woolly adelgid
In recent history, introduced organisms such as the gypsy moth (Lymantria 
dispar), chestnut blight (Endothia parasitica), and beech bark disease (Nectria spp.) have 
changed the character o f the New England forest landscape. A relatively new invader, 
the hemlock woolly adelgid (Adelges tsugae), has caused significant mortality of eastern 
hemlock (Tsuga canadensis) in the mid-Atlantic region and southern New England since 
the mid-1980s (McClure 1991, Watson 1992, Salom et al. 1996, Orwig and Foster 1997). 
A tiny aphid-like insect less than 1 mm long (McClure 1989a), the adelgid is thought 
native to Japan (McClure 1992). It was first discovered in North America in 1924 
(Annand 1924), and now occurs on the east coast from Virginia to Massachusetts (Figure 
3.27).
The insect is spread via birds, deer, wind, and humans (McClure 1989b, 1990); 
there appear to be no geographic barriers to its distribution. It is quite prolific in the New 
England region, completing two parthenogenetic generations per year (McClure 1989a). 
The insect colonizes the undersides of the smallest twigs of eastern hemlock and reduces 
tree vigor by feeding on xylem ray parenchyma cells (Young et al. 1995). Tree mortality 
can occur in as few as four years (McClure 1991).
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Figure 3.27. Hemlock woolly adelgid distribution (1997).
Unlike other pathogens impacting New England, which have caused hardwoods 
to replace hardwoods, the hemlock woolly adelgid has begun to initiate a rapid shift from 
a coniferous to a deciduous forest, as abundant black birch (Betula lento) seedlings have 
grown up beneath the dying hemlock canopy (Orwig and Foster 1997). We predicted that 
the change in forest structure and composition would have measurable impacts on 
decomposition and N cycling rates, and that these impacts would be visible within ten
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years after the onset o f  hemlock decline. Here we report the results o f a study designed 
to test those predictions.
Predicted impacts
Healthy coniferous trees have longer foliage retention times, lower foliar N, and 
lower net photosynthetic rates than hardwoods (Reich et al. 1992). These characteristics, 
combined with their high rate of internal N redistribution (Gosz 1981) and cooler forest 
floor microclimates contribute to slow decomposition, a buildup of soil organic matter 
(SOM), and slow N cycling (Pastor et al. 1984, Hill and Shackleton 1989, Aber et al. 
1993). In turn, low N cycling rates foster reduced production, keeping cycling rates and 
nutrient availability low (Flanagan and Van Cleve 1983).
With hemlock mortality (Figure 3.28), we predicted that the thinning canopy 
would cause increased light availability to the understory, enabling seedling regeneration 
and increasing soil temperature. Increased temperature was expected to increase litter 
decomposition rates and reduce the total mass o f SOM, though this effect could be 
balanced by an increase in SOM as hemlock roots decayed or as total litterfall mass 
increased during the mortality phase. Based on the litter chemistries typical of these 
species, and on evidence that individual tree species do influence soil C, N and SOM 
pool sizes (Meiillo et al. 1982, Aber et al. 1990, Finzi et al. 1997), we predicted that the 
switch in litter inputs from hemlock to birch would increase decomposition rates and 
further reduce SOM mass. An increase in N mineralization rate was expected to coincide 
with the increased decomposition rate. Any change in relative SOM content might also 
change relative soil moisture, and this could influence N mineralization rates as well.
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We also predicted that reduced uptake of water and N due to hemlock mortality 
would balance the uptake of water and N by seedlings. However, dramatically increased 
N mineralization might lead to an excess of ammonium-N which is not taken up by the 
vegetation. The increased ammonium-N concentration was expected to increase 
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Figure 3.28. Hypothesized relationships among variables impacting N cycling rate following 
adelgid infestation. Bold lines indicate relationships tested directly in this study; dotted lines 
indicate hypothesized relationships not tested here.




Study sites were located in Connecticut and Massachusetts, in central and 
southern New England (Figure 3.29). Four o f the six sites (Salmon River, Burnham 
Brook, Selden Neck, and West Woods) were co-located with those of Orwig and Foster 
(Orwig and Foster 1997), and the remaining two (Slab City and Gillette Castle) were 
established expressly for this study. Soils at all sites are mesic typic and lithic 
Dystrochrepts within the Charlton-Canton-Hollis soil map unit. These are well drained 
and somewhat excessively drained loamy soils on glacial till uplands (United States 
Department o f Agriculture 1983).









Figure 3.29. Connecticut map showing study site locations.
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The sites are similar in terms of physical and chemical soil characteristics (Table 
3.11). In order to maintain a space-for-time substitution, the degree of hemlock mortality 
was used as the factor separating sites. The exact timing of adelgid infestation and 
hemlock mortality could not be determined, but the four sites collocated with Orwig and 
Foster (1997) appeared undamaged in 1990 black and white aerial photographs (1:12000 
scale) obtained from the Connecticut Department o f Environmental Protection (Orwig 
and Foster 1997). Slab City has sustained no adelgid-related mortality to date, and 
Gillette Castle began to experience extreme adelgid damage in 1993-94 (Don Goss, 
Gillette Castle State Park Manager, pers. comm.). Three square 0.04-ha measurement 
plots were established at each o f the six sites. The plots were gridded at 5-m intervals to 
create 16 subplots, each 25-m2.
Table 3.11. Soil physical and chemical characteristics. Reported as the average (S.D.) from three 
0.04-ha plots per site, except where plot-level data were unavailable. Shaded areas represent those 
sites with no sign of adelgid infestation.
a v e ra g e  te x tu re  to ta l C (Mg ha-1) to ta l N (Mg ha-1)
S ite  n am e elev atio n  (m) a sp e c t Slope (%) (%(silt + clay)) organic mineral organic mineral
Slab City 396 W 30 27.5 (1.4) 22.1 (1.6) 33.7(1.0) 0.84 (0.06) 1.34(0.03)
Salmon River 53 N 5 25.6 (2.1) 31.7(29) 28.6 (0.5) 1.20(0.15) 1.16(0.04)
Gillette Castle 25 W 20 35.2 (3.4) 15.8(1.1) 35.0 (3.9) 0.73 (0.06) 1.78(0.11)
Selden Neck 23 W-NW 9 45.3 (3.8) 21.7(3.6) 37.4 (3.4) 0.94(0.11) 1.80(0.29)
W estW oods 20 NW-SE 7 3 9 5  (0.7) 30.4(1.5) 28.0 (0.9) 1.01 (0.08) 0.79 (0.02)
Burnham Brook 107 NW 15 34.8 (5.3) 29.2 (10.0) 33.6(1.5) 0.99 (0.32) 1.07(0.05)
C:N average pH w orm s
S ite  n am e organic mineral organic mineral p re sen t?
Slab City 26.3 (0.7) 25.2 (0.3) 3.11 (0.03) 3.65 (0.06) no
Salmon River 26.5 (0.9) 24.6 (0.7) 253  (0.07) 3.68 (0.07) no
Gillette Castle 21.6(0.4) 19.6(1.4) 3.81 (0.04) 3.96 (0.07) yes
Selden Neck 2 2 ^  (1.5) 21.2(1.8) 3.38 (0.07) 3.74(0.11) no
W estW oods 30.4 (0.8) 35.5 (1.0) 2.90 (0.04) 3.51 (0.07) no
Burnham Brook 29.4 (0.6) 31.4(0.8) 2.97 (0.13) 3.56 (0.18) no
Aboveground measurements
Aboveground measurements were taken between June and August of 1995 
(Salmon River, Burnham Brook, Selden Neck, and West Woods) and 1996 (Slab City
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and Gillette Castle). All trees > 8 -cm diameter at 1.5-m above ground level (breast 
height) were tallied by species and dbh. Standing dead hemlock trees were also tallied, 
in order to approximate pre-mortality canopy composition. Based on data from 
permanent plots in hemlock-hardwood old growth stands in the Lake States, Tyrrell and 
Crow (1994) determined that hemlock snags were five times as likely to experience no 
change in any one year as they were to fragment or collapse. Snags of other species were 
not tallied. Crown vigor was determined for each hemlock stem based on the amount of 
foliage present; a tree was considered dead only if no foliage remained. Saplings 
smaller than 8 -cm dbh and taller than 1.4-m were tallied within each plot. On ten 1-m2 
subplots randomly located within each plot, percent cover o f seedlings, herbs, and shrubs 
were estimated. Increment cores were taken at breast height from eight randomly- 
selected trees greater than 8 -cm dbh within each plot and analyzed for age. General 
overstory characteristics are described in Table 3.12.
Table 3.12. Selected overstory characteristics. Including only those trees > 8 -cm dbh, and 
reported as the average (S.D.) for three 0.04-ha plots per site. Shaded area represents those sites 
with no sign of adelgid infestation.
total pre-mortality premortality density stand % hemlock BA dead
Site name BA (m2 ha'1) (stems ha'1) age(yrs)2 mortality hemlock (m2 ha'')
Slab City 55.1 (2.3) 883.3(112.7) 96(7) 5 5  (58) 1.0 (1.6)
Salman River' 40.7 (6.5) 566.7(104.1) 68(3) 4 .7 (6.4) 5 0 (5 0 )
Gillette Castle 45.2 (7.0) 3085 (38.2) 97(5) 26.6 (6.3) 8.8 (1.0)
Selden Neck' 44.3 (5.3) 733.3 (1945) 85(6) 48.0 (27.9) 105(1.7)
WestWoods’ 47.5 (3.1) 1491.7(203.6) 68(3) 615(15.9) 255(1 .5)
Burnham Brook' 37.3 (6.4) 666.7 (144.3) 91 (5) 96.4 (57) 2 5 9  (6.4)
Relative basal area by species1
eastern hemlock* black birch black oak red maple
Site name (Tsuga canadensis (L) Carr.; (Betuta lenta (_; (Quercus velutina Lam.; (Acermbwm L)
Slab City 74.6(4.3) 7 5 (3 5 ) not present 105(60)
Salmon River 81.6(11.8) not present 15.8 (145) 1.4(54)
Gillette Castle 74.7 (4.5) 155(159) 10.1 (9.4) not present
Selden Neck 54.6(15.1) 258(1.4) 10.4 (6.5) 10.1 (17.5)
WestWoods 80.7 (18.4) 0.8 (1.4) not present 5.1 (56)
Burnham Brook 61 5  (8.8) 50 (54 ) 3.3(58) 11.0(1.4)
'Oata from Orwig and Foster (1997).
Mean (S.E).
includes only the most common species, and may not sum to 100.
‘Calculated as (BA of standing dead hemlock)/(BA of standing dead + live hemlock).
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Leaf litter was collected for one year in ten plastic baskets (each 8.16 x lO^-ha) 
per plot, each placed in a randomly chosen subplot Baskets were placed in the field in 
July 1996. Litter collections were made in August, October, and November 1996 and in 
May and July 1997. Foliage was collected in paper bags, air-dried for no less than one 
week, sorted by species, oven-dried for 48 hours at 70° C, and weighed. Total annual 
litterfall was calculated as the sum o f foliage weights over all litter collections for those 
baskets which were not disturbed at any time during the year. These annual subplot-level 
values were averaged by plot to find plot-level litterfall values on a per-ha basis.
To estimate light availability to the understory, a gap light index (GLI) (Canham 
1988b) was calculated for each plot This method uses predictable relationships between 
radiative transfer and the geometry of canopy openings to predict the transmission of 
photosynthetically active radiation (PAR) to points beneath the canopy. (See Canham 
(1988b)) for an in-depth discussion of the technique.) GLI is defined as that percentage 
o f  incident PAR transmitted through canopy openings to any particular point in the 
understory over the course of the growing season. It is calculated as
GLI = [(TdPd) + (TbPb)] * 1 0 0 .0  (3.1)
where Pd and Pb are the proportions of incident seasonal PAR received at the top o f the 
canopy as either diffuse sky radiation or direct-beam radiation, respectively. Td and Tb 
are the proportions o f diffuse and direct-beam radiation, respectively, that are transmitted 
through the canopy to a point in the understory. For this study (and on the basis o f 
published data on atmospheric transmission coefficients (Knapp et al. 1980)), Pb and Pd 
were set equal to 0.5, such that incident radiation was split evenly between diffuse and
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beam radiation. Transmission of diffuse and direct-beam radiation (Td and Tb) to the 
understory was estimated from fisheye photo analysis.
To date, this method has been used to create point-level estimates o f light 
availability beneath canopy gaps (Canham 1988a, Canham et al. 1990, 1994). Variability 
in understory light regimes was high at our plots; to obtain reliable plot-level GLI 
estimates, 16 subplot-level measurements were taken in each plot and these estimates 
were averaged. One color fish-eye (hemispherical) photograph o f the forest canopy was 
taken at 1.2-m height at the center of each subplot in August/September of 1996. 
Photographs in which understory foliage covered the lens were discarded. The 
photographs were developed as slides, which were digitized at 840 dpi resolution using a 
slide scanner (Microtek 35T 24-bit Slide Scanner with a SCSI interface). The digital 
images were then analyzed for GLI and percent open sky using computer software 
(GLI/C 2.0, copyright 1995 C. D. Canham) written for that purpose.
Belowground measurements
Net N mineralization and nitrification were measured in situ on all plots for one 
year using the buried bag technique (Eno 1960, Nadelhoffer et al. 1983, Pastor et al.
1984). At each plot, the same four randomly-chosen subplots were used for these 
measurements throughout the study. Undecomposed litter (the Oi layer) was brushed 
aside, and soil cores were taken to a depth of 1 0  cm in the mineral soil, split into organic 
(Oa and Oe) and mineral horizons, and placed into gas-permeable polyethylene bags.
One sample (the “initial”) was taken to the laboratory for extraction of ammonium and 
nitrate. Three other samples (the “incubated”) were put inside bags made o f 1-mm mesh
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nylon window screen material to reduce puncture damage to the polyethylene bags and 
placed back in the ground. Three cores were incubated at each subplot in order to reduce 
variability among incubated samples; the incubated samples at each subplot were 
combined for analysis. Soil cores were incubated for 4-6 week periods from June to 
October 1996 and from May to June 1997, with one longer overwinter incubation from 
October 1996 to May 1997. Incubated samples were analyzed for extractable ammonium 
and nitrate. The initial organic and mineral samples left over after extraction from each 
collection date were air-dried and stored in paper bags for further analyses.
In the laboratory, soil samples were sieved through a screen (2-mm for mineral 
soil, 5.6-mm for organic soil) to remove roots and rocks and to homogenize the sample. 
Total soil mass (of initial samples) was recorded and subsamples (10-20 g) o f initial and 
incubated soils were oven-dried at 105° C for 48 h to determine moisture content To 
extract ammonium and nitrate, approximately 1 0  g o f soil was placed in a glass jar 
containing 100 mL of 1 M KC1, hand shaken, and extracted for 48 h. Samples were 
filtered and the filtrate was frozen until analysis. Thawed extracts were analyzed for 
NO3-N and NH4-N using a Bran & Luebbe (Technicon) TrAAcs 800 Autoanalyzer. 
Ammonium was determined using the Berthelot Reaction chemistry (Technicon Method 
780-86T) and nitrate was determined using a hydrazine sulfate reduction technique 
(Technicon Method 782-86T). The limit o f quantitation (LOQ), defined as “the lower 
limit for precise quantitative measurements” (Miller and Miller 1993) was determined 
conservatively for each analyte during each half o f every autoanalyzer “run” as
LOQ = Yb + 10Sb (3.2)
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where Yb = the average measured analyte concentration of the four KC1 blanks analyzed 
during that half o f the run and Sb = the standard deviation of those blank values. LOQ 
values ranged from 0.001 to 0.29 mg N L'1.
To eliminate the substantial interference from organic substances in the nitrate 
analysis, nitrate-N in organic samples was determined using a separate procedure. Each 
organic sample extract and blank was diluted in a 1:1 ratio with 0.50 mg L' 1 NO 3 -N  
standard and the dilutions were analyzed for N 03-N using the hydrazine reduction 
technique. The N 0 3-N concentrations in the blank samples were averaged and 
subtracted from the sample values. If  the remaining concentration was above the average 
LOQ for the mineral soil nitrate-N analyses (0.036 mg N 03-N L‘l), it was doubled to find 
the final concentration of N 03-N in the extract. The coefficient o f variation (CV) for all 
N 03-N and NH4 -N  analyses averaged close to 2% and was never greater than 5% for both 
mineral and organic samples.
Net N mineralization was calculated as the difference between extractable nitrate- 
N plus ammonium-N in the incubated sample and extractable nitrate-N plus ammonium- 
N in the initial sample. Net nitrification was found as the difference between extractable 
nitrate-N in the incubated sample and extractable nitrate-N in the initial sample. Annual 
totals were calculated as the sum of all buried-bag incubations for the year (June 1996 
through June 1997).
At four of the 18 plots (Salmon River plots 1-3 and Selden Neck plot 1), the 
overwinter bags were lost when the field vehicle was stolen. To find annual totals for 
these plots missing overwinter data, and to allow for consistency among plots, linear
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
regression equations between “seasonal” (the sum of N mineralization and nitrification 
rates for June-October 1996 and May-June 1997) and annual total N mineralization rates 
on a kg ha' 1 basis were found for the 14 plots with both types o f data (Figure 3.30). 
These equations were used to find annual total N mineralization and nitrification rates 
from the seasonal rates at all 18 plots. For consistency, the predictions from these 
regression equations were used at all plots for all further analyses. These annual 
predictions are independent o f other measured data because they are based solely on 
measured seasonal rates.
One aliquot of the archived initial soil samples from each collection were 
combined by horizon and ground together, and percentage C and N were determined for 
organic and mineral horizons from these combined samples for each subplot using a 
Fisons NA 1500 Series 2 CHN analyzer. Total C and N (as kg ha'1) and C:N ratio were 
calculated. Approximately 1 g of the archived soil from each horizon at each subplot 
from one collection was combusted in a muffle furnace at 500° C for 5 hours and the ash 
weighed to determine percent SOM. Total SOM (as kg ha’1) was calculated. Soil pH 
was determined for the first and last collections in 1996, in 0.01 M CaCl2 solution with a 
ratio of 1 g soil: 10 mL solution (organic) and 1 g soil: 4 mL solution (mineral). The pH 
values from both soil collections were averaged to give the value reported here. Soil 
texture was determined for one set of archived mineral soils using the sieve and pipet 
method as described by Gee and Bauder (1986).
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Figure 3.30. Relationships between total annual and “seasonal” net N mineralization and 
nitrification rates for mineral soil and forest floor (all on kg ha' 1 basis). Top row: a) (left) Annual 
mineral soil net N mineralization = 1.402 (seasonal net N mineralization) - 2.443, R2 = 0.955, p < 
0.000 (constant p < 0.46); b) (right) Annual mineral soil net nitrification = 1.278 (seasonal net 
nitrification) - 0.042, R2 = 0.998, p < 0.000 (constant p < 0.92); Bottom row: c) (left) Annual 
forest floor net N mineralization = 1.276 (seasonal net N mineralization) + 3.348, R2 = 0.890, p < 
0.000 (constant p < 0.65); d) (right) Annual forest floor net nitrification =1.417 (seasonal net 
nitrification) - 0.086, R2 = 0.971, p < 0.000 (constant p < 0.928). Scatterplots represent measured 
data; regression lines are shown for comparison.
Considerable evidence exists that earthworms can dramatically influence N 
cycling rates (for example, Barley and Jennings (1959), Satchell (1963), Anderson et al.
(1983), Spiers et al. (1986), Buse (1990), Binet and Trehen (1992), Scheu (1993)).
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Because earthworms were found during 1996 soil sampling at Gillette Castle, in July 
1997 we used two vermifuge sampling methods to determine worm abundance in one 
0.04-ha plot at each site. Two 0.25-m2 subplots were established just outside each of the 
four comers of the plot chosen for worm sampling (eight 0.25-m2 subplots total). At four 
subplots, two gallons of a dilute (0.25%) formalin solution were poured onto the soil 
(Raw 1959, Bohlen et al. 1995) and at the other four subplots ten liters of a 15 mL L' 1 
suspension o f yellow mustard was poured onto the soil (Gunn 1992). With both 
vermifuge methods, worms were harvested as they came to the surface and stored in a 
5% formalin solution. A separate formalin-collected sample was harvested and stored in 
5% formalin for species identification. Worms were stored for several months until they 
were rinsed, oven-dried at 60° C for 48 hours, and weighed.
Soil temperature was measured at 5, 10, and 20-cm depths at each soil collection 
subplot on soil collection days in April/May and July/August 1997 using a digital 
thermometer (Omega HH-25KC; Omega Corp., Stamford, CT) fitted with a stainless 
steel probe. Monthly minimum and maximum temperatures were predicted using 
Climcalc (Ollinger et al. 1995), a model that predicts temperature, precipitation, and 
solar radiation for sites in New England using regression equations based on latitude, 
longitude, and elevation. Mean monthly temperatures were calculated as (minimum + 
maximum)/2. Mean monthly temperatures were averaged to find mean annual 
temperature for each site. All statistics were calculated at the 0.10 significance level 
using SYSTAT 7.0 (SPSS Corp., 1997).




Percent open sky, a measure of canopy openness, was closely linked to dead 
hemlock basal area (Figure 3.31) and was significantly different between infested and 
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Figure 331. Percent open sky as a function of the amount of BA in standing dead hemlock. 
Regression equation: % open sky = 0.339 (BA of dead hemlock (m2 ha'1)) + 9.361, R2 = 0.56, p < 
0.08 and 0.01 on coefficient and constant, respectively. Regression was calculated using site-level 
data (n = 6 ). Error bars represent standard deviation based on the three plots per site. Shaded area 
is that portion of the x-axis occupied by the two sites with no sign of adelgid infestation.
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GLI represents the relative amount of radiation received by the understory during 
the growing season, and can be modulated by factors such as latitude or the arrangement 
o f open spaces in the canopy. These sites were not separated widely either by latitude or 
by canopy geometry, and GLI and percent open sky were positively and linearly related, 
as given by:
GLI = 1.74(% open sky) - 0.743 
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Figure 3.32. Soil temperature as a function of gap light index at two soil depths in April. Shaded 
area represents that portion of the x-axis occupied by the two sites with no sign of adelgid 
infestation. Plot-level data are shown (n = 18).
Soil temperature was higher at all depths at those plots with elevated GLI values 
(Figure 3.32). Multiple regression analyses in which mean monthly temperature and
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percent open sky or GLI were used to predict soil temperature at 20-cm depth showed 
strong interactions between mean monthly temperature and percent open sky as well as 
between mean monthly temperature and GLI, as shown below:
soil T at 20-cm = 0.111(GLI) + 0.765(monthly mean T) - 0.005(GLI*monthly mean T) - 0.138 (3.4)
R = 0.977, n = 30, and p-values on all coefficients < 0.06 (constant p < 0.88);
soil T at 20-cm = 0.226(% open sky) + 0.790(monthly mean T) -
0.011(% open sky*monthly mean T) - 0.631 (3.5)
R = 0.980, n = 30, and p-values on all coefficients < 0.03 (constant p < 0.50).
When the same multiple regression analysis was applied to predict soil temperature at 
10- and 5-cm depths, the p-values on the interaction strengths rose to between 0.07 and 
0.25, with the highest values at the 5-cm depth. The p-values on monthly mean 
temperature stayed at p < 0.000 for all analyses and depths. At the shallower depths 
ambient temperature was more important than canopy structure in determining soil 
temperature. At the deeper depths, soil temperature was determined by a combination of 
ambient temperature and canopy openness.
Seedling regeneration and litterfall 
Seedling percent cover increased significantly with GLI (Figure 3.33). Between 
42 and 93% o f the seedling cover at all sites with adelgid infestation were black birch (D. 
Orwig, Harvard Forest, pers. comm.). No strong relationships existed among seedling 
cover and litterfall mass. Hemlock and birch litterfall were negatively correlated, 
indicating that a switch from hemlock to birch litter is underway at sites experiencing 
adelgid infestation (Table 3.13).
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Figure 333. Seedling % cover as a function of GLI. Regression equation: seedling % cover= 
0.991(GLI) - 13.704, R2 = 0.62, p < 0.06 and 0.20 on coefficient and constant, respectively. 
Regression was calculated using site-level data (n = 6 ). Error bars represent standard deviation 
based on three plots per site. Shaded area is that portion of the x-axis occupied by the two sites 
with no sign of adelgid infestation.
Table 3.13. Pearson correlation matrix showing relationships among seedling cover and litterfall. 
Correlation coefficients are based on site-level data (n = 6 ).
Total litter (Mg ha'1) Hemlock litter (Mg ha'1) Birch litter (Mg ha'1)
Total litter (Mg ha'1) 1.000
Hemlock litter (Mg ha'1) -0.759 1.000
Birch litter (Mg ha'1) 0.879 -0.718 1.000
Seedling % cover 0.287 -0.222 -0.155
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Decomposition and N mineralization
Soil organic matter
The site with earthworms was not included in SOM analyses for the forest floor 
or mineral soil because considerable evidence exists that worms change the amount and 
distribution o f SOM in the soil profile (Edwards and Bohlen 1996). No significant 
difference in forest floor SOM (Mg ha'1) existed between sites with and without adelgid 
(two-sample t-test with separate variances, p < 0.58) (Figure 3.34). Forest floor SOM did 
not vary strongly with litterfall or hemlock mortality, but was instead most closely related 
to forest floor moisture and mean annual ambient temperature, as described by the 
equation:
forest floor SOM (Mg ha'1) = 152.7(% moisture) + 4.1(mean annual T (°C)) - 73.5 (3.6)
R = 0.943, n = 5, and p-values on all coefficients < 0.07 (constant p < 0.12).
Forest floor relative moisture was not changed by adelgid infestation: it was not related 
strongly to hemlock mortality or to GLI. Mineral SOM was higher in those sites 
experiencing adelgid infestation (two-sample t-test with separate variances, p < 0.08) 
(Figure 3.34), but did not vary with either hemlock mortality or litterfall. Mineral SOM 
was most strongly related to soil texture (Figure 3.35).
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100 r
SC SR GC SN WW BB
Figure 3.34. Soil organic matter content in mineral soil and forest floor. Error bars represent the 
standard deviation from three plots per site. Shaded area denotes those sites with no sign of 
adelgid infestation. Site abbreviations are as follows: SC = Slab City; SR = Salmon River; GC = 
Gillette Castle; SN = Selden Neck; WW = West Woods; BB = Burnham  Brook. Sites are ordered 
from least to most hemlock mortality by BA (m2  ha'1).
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Figure 3.35. Mineral SOM as a function of soil texture. Regression equation: SOM = 
0.959(%(silt+clay)) + 35.347, R2  = 0.85, p < 0.03 and 0.02 on coefficient and constant, 
respectively. Regression was calculated using site-level data, but excluding the site with 
earthworms (n = 5). Error bars represent standard deviation based on three plots per site. Shaded 
area is that portion o f the x-axis occupied by the two sites with no sign o f adelgid infestation..
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N mineralization
While it appears in the figures for comparison, the site with earthworms was also 
excluded from statistical analyses o f N  cycling because substantial evidence exists that 
worms change N cycling rates. Total annual net N mineralization and nitrification rates 
(kg N ha' 1 yr'1) were higher at those sites with adelgid infestation (two sample t-tests with 
separate variances, p < 0.08 and 0.06 for mineralization and nitrification, respectively).
Forest floor. Forest floor annual net N mineralization and nitrification rates (on a 
kg N ha' 1 yr' 1 basis) were significantly higher in those sites exposed to adelgid infestation 
(two-sample t-tests with separate variances, p < 0.03 and 0.04 for mineralization and 
nitrification, respectively) (Figure 3.36). N turnover (expressed as mg N mineralized g 
soil N*1) was related positively to GLI (Figure 3.37), but appeared to decline at the 
highest GLI levels. Overall, N turnover was higher at those sites experiencing adelgid 
infestation (two-sample t-test with separate variances, p < 0.09). Measured as mg N g 
SOM-1, net N mineralization in the forest floor did not increase at those sites 
experiencing mortality (two sample t-test with separate variances, p < 0.13). However, 
forest floor N:SOM declined significantly at high GLI levels (Figure 3.38), suggesting 
that the accelerated N turnover at infested sites is changing the composition of forest 
floor SOM.
Mineral soil. In the mineral soil, net N mineralization rate (as kg N ha' 1 yr'1) did 
not change with adelgid infestation (two sample t-test with separate variances, p < 0.25), 
but net nitrification rate did increase slightly (two sample t-test with separate variances, p 
<0.10) (Figure 3.36). Mineral soil N turnover rate (expressed as mg N mineralized g soil
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N"1 yr'1) increased linearly with GLI (Figure 3.37), and was significantly different 
between infested- and non-infested sites (two sample t-test with separate variances, p < 
0.02). Measured as mg N g SOM-1 yr'1, net N mineralization did not increase at those 
sites experiencing mortality (two sample t-test with separate variances, p < 0.37). While 
a trend toward lower N:SOM at high GLI was apparent (Figure 3.38), no difference in 
mineral N:SOM existed among infested and non-infested sites (two-sample t-test with 
separate variances, p < 0.29). At constant SOM, increased N turnover would lead to a 
concomitant reduction in N:SOM. However, in this study the finest-textured soils (and 
thus the highest SOM concentrations) occurred at those sites experiencing hemlock 
mortality. Higher N turnover rates, a longer period of time, or removal of SOM by some 
other means will be required to change N:SOM measurably at these sites.
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Figure 336. Annual net N mineralization and nitrification rates for forest floor (top) and mineral 
soil. Error bars represent standard deviation from three plots per site. Shaded area denotes the 
two sites with no sign o f adelgid infestation. Site abbreviations are as in Figure 3.34.
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Figure 3-37. N turnover rate as a function of GLI in mineral soil (open symbols) and forest floor 
(closed symbols). Y error bars represent standard deviation based on three plots per site. X error 
bars are as in Figure 3.33. Regression equation for mineral soil data: N turnover = 1.096 (GLI) + 
9.573, R2 = 0.89, p < 0.005 and 0.10 on coefficient and constant, respectively. Regression was 
calculated using site-level data (n = 6 ). Shaded area represents that portion of the x-axis occupied 







10 15 20 25 30
GU
Figure 3.38. N:SOM as a function of GLI in mineral soil (open symbols) and forest floor (closed 
symbols). Y error bars represent standard deviation based on three plots per site. X error bars are 
as in Figure 3.33. Shaded area represents that portion of the x-axis occupied by those sites with 
no sign of adelgid infestation.
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Water and inorganic N availability 
Excluding the site with earthworms, average total extractable ammonium-N and 
nitrate-N pools in the soil solum were significantly higher at infested sites (two-sample t- 
test with separate variances, p < 0.04 and 0.02 for ammonium-N and nitrate-N, 
respectively) (Figure 3.39). Average extractable ammonium-N (kg ha'1) varied positively 
with N mineralization rate, according to the equation
Extractable N H 4 - N  (kg ha'*) = 0.117(Net N mineralization rate (kg N ha'* yr'*)) - 4.833 (3.7) 


















SC SR GC SN WW BB
Figure 3.39. Average of extractable N pools over six soil collections for forest floor (top) and 
mineral soil. Error bars represent the standard deviation based on three plots per site. Sites are 
arranged in order of increasing hemlock mortality by BA; site abbreviations are as in Figure 3.34. 
Shaded area represents those sites with no sign of adelgid infestation.
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No difference in soil moisture existed between infested and non-infested sites 
(two-sample t-test with separate variances, p < 0.65 and 0.29 for mineral soil and forest 
floor respectively). Similarly, no relationship existed between soil moisture and those 
variables varying closely with hemlock mortality (Table 3.14), though a positive 
relationship did exist (as described above) between forest floor SOM and soil moisture.
Table 3.14. Pearson correlation matrix showing relationships among variables potentially 
impacting soil moisture. Correlation coefficients are based on site-level data (n = 6 ).
BA of dead hemlock soil texture forest floor
GU (m2 ha'1) seedling % cover (%(silt+clay)) % moisture
GLI 1.000
BA of dead hemlock 0.800 1.000
(m2 ha-1)
seedling % cover 0.787 0.851 1.000
soil texture 0.606 0.567 0.200 1.000
(%(silt+clay))
forest floor -0.392 0.200 0.032 -0.281 1.000
% moisture
mineral soil 0.356 0.540 0.450 0.405 0.212
% moisture 
Nitrification rates
Nitrification rates (expressed as kg ha' 1 yr'1) increased with adelgid infestation. 
Both mineral soil and forest floor nitrification were linear functions of extractable 
ammonium-N, again excluding the site with earthworms (Figure 3.40). Overall 
nitrification rates were as high as 32 kg ha' 1 yr*1 at infested sites without earthworms.
Earthworms
Using the formalin vermifuge method, earthworm abundance at Gillette Castle 
was estimated at 13 individuals m’2, and the dry biomass of those worms was 29.8 kg ha' 
’. Using the mustard vermifuge method, abundance was 4 individuals m ' 2 and dry worm
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biomass was 8.0 kg ha'1. Neither vermifuge method is as reliable as hand-sorting to find 
worms; taking the midpoint as the “true” estimate of worm biomass gives 8.5 individuals 
m'2, or 18.9 kg ha'1. The worms were identified as a mixture o f lumbricid species 
(Lumbricus rubellus and L. castaneus) native to Europe (P. Bohlen, Institute of 
Ecosystem Studies, Millbrook, NY, pers. comm.). Mineral SOM mass was higher and 
forest floor SOM mass was lower at Gillette Castle than at any other site, suggesting a 











average extractable ammonium-N pools (kg NH4-N ha'1)
Figure 3.40. Net nitrification rate as a function of extractable ammonium-N for mineral soil 
(open symbols, dashed line) and forest floor (closed symbols, solid line), excluding the site with 
earthworms. Linear regression equations: Mineral soil net nitrification rate (kg N ha' 1 yr'1) = 
4.435(extractable ammonium N (kg N ha'1) -10.75, R2 = 0.97, p < 0.002 and 0.02 on coefficient 
and constant, respectively; Forest floor net nitrification rate (kg N ha' 1 yr'1) = 5.245(extractable 
ammonium-N (kg ha'1) - 13.608, R2 = 0.92, p < 0.01 and 0.04 on coefficient and constant, 
respectively. Regression equations based on site-level data (n = 5). Shaded area is that part of the 
x-axis occupied by the two sites with no sign of adelgid infestation.
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DISCUSSION
Impacts o f hemlock mortality on ecosystem processes 
Hemlock mortality led directly to increased light availability, soil temperature, 
and seedling regeneration. Net N mineralization and nitrification rates (expressed as kg 
N ha' 1 yr'1) were significantly higher at sites experiencing hemlock mortality, suggesting 
that adelgid infestation has indeed facilitated a trend toward faster N cycling. Changes in 
N cycling rates resulted from short-term (within ~2-5 years) shifts in microclimate 
induced by changes in canopy structure, and not from shifts in aboveground 
characteristics such as litterfall or belowground characteristics such as soil C, soil N, 
SOM, or moisture.
N turnover increased linearly with light availability in the mineral soil, but 
appeared to increase, then decline at the highest GLI values in the forest floor. The 
apparent decline of forest floor N turnover rate at high GLI may be attributable to N 
immobilization driven by readily-available C in litter from the seedlings, or to an 
exhaustion o f available N at sites that have been infested for the longest period o f  time.
At the highest GLI levels (and thus the highest hemlock mortality), N residence times in
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mineral soil may decline to ~25 years, from the ~40 years typical o f  sites with no adelgid 
infestation. Forest floor N residence times are shorter, ranging from ~11 years at 
intermediate GLI values to ~20 years at sites with no infestation.
While short-term disturbances such as defoliation, gap formation, and clear- 
cutting have increased available N pools, N mineralization and nitrification rates, and N 
leaching in this and other studies (Swank et al. 1981, Mladenoff 1987, Waide et al. 1988, 
Kim et al. 1995), without mechanical disturbance it is likely that measurable organic C, 
organic N, and SOM accumulation or decline will take at least a decade. Covington 
(1981) and Federer (1984) report sequences of forest floor SOM decline and recovery 
following clearcutting, with the lowest forest floor masses (close to 50% declines) 
occurring roughly 15 years after disturbance. Agricultural use has been cited as another 
factor contributing to decline in SOM (Scholes and Scholes 1995), but only one site 
(Salmon River) has visible signs o f agricultural use and no additional trends exist to 
suggest that land use history has confounded the results presented here.
Immediately increased ammonium-N pools have enabled nitrifiers to thrive, 
accelerating nitrification rates. Up to 32 kg ha’ 1 yr' 1 N 03-N were produced by the 
(earthworm-free) sites experiencing the most hemlock mortality and seedling 
regeneration. Because the inorganic N pools do not currently appear to be depleted by 
vegetative uptake, substantial N leaching is likely to result from adelgid infestation 
(Vitousek and Reiners 1975). Similarly, Mladenoff (1987) reported that nitrification 
rates were twice as high in gaps as under closed canopies in hemlock forests, based on 
measurements o f the mineral soil during the five nonwinter months. Measuring the
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mineral soil and the forest floor together, we found an n u a l nitrification rates thirty times 
as high in forests experiencing hemlock mortality as under healthy forests, in response to 
this wholesale destruction o f the forest canopy.
Historical and future perspectives
In predominantly hardwood systems net annual production and foliar biomass in 
the disturbed forest is likely to return to pre-disturbance levels within several years 
(Marks 1974). In these systems, shifts in SOM mass must occur due to differences in 
litter chemistry, decomposition rate, and litterfall mass alone. Ferrari and Sugita (1996) 
measured significantly less litterfall beneath hemlock trees (4.8 kg yr' 1 tree'1, on average) 
than beneath deciduous species in the same mixed forest (15.9 kg yr' 1 tree'1), in part 
because annual litterfall represents only a fraction of hemlock foliar biomass. On a per 
unit ground area basis, hemlock-dominated stands do tend to produce less litter than 
deciduous stands (Pastor et al. 1984).
Based on data presented by Aber et al. (1990) and assuming that black birch litter 
chemistry is similar to that of paper birch, we calculated that hemlock litter has a half- 
life of 1.9 years, while birch litter has a much shorter half-life o f 1.1 years. Despite the 
slow production o f hemlock litter, its extremely slow decay ensures that large amounts of 
undecomposed and decomposing hemlock litter will be present in hemlock-dominated 
stands. Its slow decomposition also ensures that the legacy o f hemlock litter will be felt 
several decades into the dominance of the site by deciduous species (cf. Hix and Bames
(1984)). Once the dead hemlock snags fall down and decompose, it will be even longer 
before their effects on forest soils are manifested; Tyrrell and Crow (1994) estimated
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that eastern hemlock logs in the northern parts o f  Wisconsin and Michigan have a half- 
life o f 33 years.
The hemlock woolly adelgid is not the first agent to cause the demise of eastern 
hemlock. Davis (1981), Allison et al. (1986), and Foster and Zebryk (1993) have noted a 
rapid and synchronous decline in hemlock pollen around 4850 - 4700 B. P., and have 
suggested that the decline was due to an outbreak o f a prehistoric pathogen. After 
hemlock decline, a short-lived increase in the percentage and influx of birch pollen was 
characteristic, and was followed by increases in those species that grow together with 
hemlock in the modem forest (Davis 1983). Hemlock increased to its pre-pathogen 
abundance ~1000 years after the decline (Foster and Zebryk 1993).
Because so many factors contribute to hemlock’s abundance in the New England 
landscape, and so little is known about the dynamics o f the woolly adelgid in this region, 
it would be difficult to predict if and when hemlock will recover from this disturbance. 
Within the next few decades, though, as the forest switches from dominance by 
coniferous to deciduous species, we can expect an increase in total annual litterfall mass 
and a decline in nitrification as vegetative uptake increases. We might also reasonably 
expect a decrease in soil C:N, a further acceleration of decomposition and N 
mineralization rates, and a decline in forest floor mass, but deciduous species such as red 
oak (Quercus rubra) and American beech (Fagus grandifolia) actually foster soil 
characteristics similar to those of hemlock (Finzi et al. 1997). Ultimately, soil 
characteristics will depend on the successional pathway followed by each stand.
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Invasion research
While we know a great deal about the consequences of disturbance in northern 
temperate forests, we have relatively little understanding of the dynamics of biological 
invasions, and of how such invasions might be relevant to our current understanding of 
disturbance. Studies like this one are crucial to understanding and predicting the 
consequences of current and future invasions. This study contributes to a growing body 
o f literature on the subject (for example, see (Grace 1986, Vitousek 1986, Vitousek et al. 
1987, Ramakrishnan and Vitousek 1989, Lovett and Tobiessen 1993, Lovett and Ruesink 
1995)), but is the first to measure in situ the impacts of a novel species on ecosystem 
process in a temperate forest system.
By causing a shift from a coniferous to a deciduous system, this invader has 
initiated a modified secondary successional sequence. The disturbance is quite severe, 
but the ecosystem response is not as severe as expected (cf. (Bormann and Likens 1979)). 
This is an important lesson about the impact of invading forest pests: the short-term 
impact of the novel species is likely to be largest when measured in terms o f species 
composition, while its long-term impact on ecosystem processes will be far less dramatic 
and is most likely to result from the change in the dominant species wrought by the pest.
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